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I I 
A B S T R A C T 
G E O C H E M I C A L EVIDENCE FOR BASEMENT CONTROL OF THE 
WEST C U M B E R L A N D H A E M A T I T E M I N E R A L I Z A T I O N 
T . J . SHEPHERD. 1973 
A geochemical inves t iga t ion of the West Cumberland metasomatic 
haematite deposits and re la ted ve in deposits i n the cen t ra l Lake D i s t r i c t 
was c a r r i e d out to es tabl ish the o r i g i n of the m i n e r a l i z i n g f l u i d s . Ore 
samples were analysed f o r a v a r i e t y of m a j o r and t race elements and 
were found to contain a simple geochemical assemblage character ised by 
the abundance of arsenic and loca l ly b a r i u m . The lack of regional 
va r i a t i on i n ore geochemis t ry and the equally u n i f o r m minera logy suggests 
that the replacement and vein deposits are oogenetic and belong to the 
same metal logenic province . M i n o r d i f ferences which do exis t can be 
explained, by w a l l r o c k - ore f l u i d in te rac t ions . 
In the Eskdale area the veins are associated w i t h a pa r t i cu l a r 
phase of the host granite containing an abundance of f r ee haemati te . 
Relat ive t race element enr ichments i n the ores are matched by sympathetic 
depletions i n the adjacent haematized granite". The i m p l i e d geochemical 
re la t ionship is v e r i f i e d by a spat ia l c o r r e l a t i o n between areas of 
m i n e r a l i z a t i o n and the d i s t r i b u t i o n of concealed granite in . the basement; 
as indicated by the g r av i t y pat tern . A more detai led g r av i t y in t e rp re ta t ion 
i n the West Cumberland area shows that the zone of m a x i m u m m i n e r a l -
i za t ion i n the l imestones occurs d i r e c t l y above the fau l ted m a r g i n of a 
concealed, granite shelf extending outwards f r o m the Ennerdale granophyre . 
SCIEW1E 
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BEDTION 
I l l 
Based on the combined-:geological, geochemical and f l u i d inc lus ion 
evidence a new model of haematite ore genesis i s proposed which 
envisages the convective c i r cu l a t i on of hot saline br ines i n the grani te 
basement w i t h the concomitant leaching of i r o n and i t s redeposi t ion at 
higher levels as epigenetic haematite mine ra l i z a t i on . The hypothesis 
is consistent w i t h the known d i s t r i bu t i on of orebodies and the observed 
spat ial v a r i a t i o n f o r arsenic and copper i n the West Cumberland o r e f i e l d . 
B a r i t i c ores are re la ted to the m i x i n g of the ore f lu ids w i t h f o r m a t i o n a l 
waters f r o m the P e r m o - T r i a s s i c s . 
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1. INTRODUCTION 
1.1. Research Objectives 
The p r i m a r y objective of the present study was to investigate the 
geochemical charac te r i s t i cs of haematite deposits i n the West Cumberland, 
oref ield. to determine the i r o r i g i n and spat ial va r i a t ion . As e a r l y as 1893 
Kendal l had. successful ly proved the metasomatic nature of ore bodies i n 
the Carboniferous l imestones, but geologists have since been unable to 
define the genesis or chemis t ry of the ore f l u i d s . Present theor ies , of ten 
based, on geological observations i n r e s t r i c t e d areas, have provided, a 
weal th of conf l i c t ing i n f o r m a t i o n . To avoid making the 'same e r r o r i t was 
realised, that the geochemis t ry must be interpreted, in conjunction w i t h 
ex is t ing evidence and. that the proposed mechanism must also account f o r 
s i m i l a r m i n e r a l i z a t i o n i n the Lower Palaeozoics east of the o r e f i e l d . By 
studying the geochemis t ry of ores throughout this extended area i t was 
hoped ,to provide a model of the m i n e r a l i z a t i o n which would, explain the 
o r i g i n , nature and. extensive development of epigenetic haematite i n the 
Lake D i s t r i c t . This w o r k represents the f i r s t geochemical study of the 
Cumbr ian haematites to be undertaken and has meant a re in t e rp re ta t ion of 
ce r t a in mine ra log i ca l observations recorded by e a r l i e r invest igat ions. 
To v e r i f y the geochemical hypothesis a series of two-dimensional models 
of the basement s t ruc ture were calculated, f o r the g rav i ty anomaly over the 
West Cumberland, orefield. . In the fo l l owing chapters the resul ts of these 
invest igat ions are presented, and. a new theory of ore genesis is developed, 
which relates the spat ial , t empora l and chemica l charac ter i s t ics of the 
m i n e r a l i z a t i o n to the dynamic evolut ion of the basement dur ing the late 
2 
Palaeozoic and ea r ly Mesozoic. By prov id ing a w o r k i n g hypothesis i t was 
hoped that fu tu re explora t ion f o r concealed, ore bodies would, be based on 
geological c r i t e r i a and. less dependent on expensive pat tern d r i l l i n g . 
1. 2. Previous Theories of Mine ra l i za t i on 
Previous theories although genera l ly ' l ack ing i n quantitative 
evidence are unr iva l led f o r t he i r va r i e ty and. imaginat ion . However, a f t e r 
Kendal l ' s i r r e f u t a b l e proof that the m a j o r i t y of orebodies i n the Lower 
Carboniferous l imestones were the resu l t of select ive.metasomatic replace-
ment (Kendall 1893), theories on ore genesis have been divided, into two 
opposing schools. The "ascensionists" supported by McDonald. (1925), 
Dixon (1927), T r o t t e r (1945) and Schnellmann (1947) propose ascending i r o n -
r i c h f l u ids of deep seated magmat ic o r i g i n . In contrast the "descensionists" 
championed, by Goodchild. (1889) and Smith (1924) envisage the downward 
movement of meteor ic waters w i t h the leaching of i r o n oxid.es f r o m 
T e r t i a r y l a t e r i t i c soils or " r e d beds" i n the N . R. S. Series. Di f fe rences 
w i t h i n the schools are p r i m a r i l y d i f ferences i n the chronology of fau l t ing 
and. m ine ra l i z a t i on , and the extent of l a t e r a l m i g r a t i o n . The ma in points of 




Downward, percola t ion of meteor ic waters through the N . R. S. 
Series accompanied, by selective leaching of the i r o n oxides 
w i t h l a t e r deposi t ion along faul ts and f i s su res i n the Carboniferous 
l imes tones . 
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( i i ) Age 
P o s t - T r i a s s i c 
( i i i ) Evidence 
(a) P r o x i m i t y of red. T r i a s s i c sandstones to areasof 
haematizat ion i n the Carboniferous l imestones . 
(b) Occutience of ore bodies i n l imestones ove r l a in by, or 
considered, to have been over la in by N . R . S . ser ies . 
Smith, 1919, 1924 and 1927 
(i) Theory 
As f o r Goodchild 
( i i ) Age 
As f o r Goodchild 
( i i i ) Addi t iona l Evidence 
(a) P o w e r f u l solvent act ion of groundwaters on chalk f l i n t s 
i n the Lower T e r t i a r y deposits of Kent. 
(b) D i s rup t i on and. d is loca t ion of haematite f l a t s by post-
T r i a s sic f au l t ing i n the Wyndham, Gi l l foo t and Cl ints mines . 
ASCENSIONISTS 
Kendal l 1875, 1876. 1879, 1893, 1921 and. 1929 
(i) Theory 
V e r t i c a l ascent of deep seated i r o n - r i c h magmat ic f lu ids along 
deep faul ts i n the wes te rn and cent ra l areas of the Lake D i s t r i c t . 
( i i ) Age 
P r e - B r o c k r a m 
( i i i ) Evidence 
(a) Presence of haematite deposits along faul t s i n both the 
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Lower and Upper Palaeozoics. 
(b) Complete chemical replacement of the l imestone by haemati te . 
(c) Angular pebbles of haematite i n the B r o c k r a m deposits of 
the B i g r i g g opencut. 
(d) Brecc i a t i on and dis locat ion of an orebody along a p re -Tr i a s 
fau l t by p o s t - T r i a s movement. 
McDonald 1925 
(i) Theory 
L a t e r a l m i g r a t i o n of i r o n - r i c h vapours outwards f r o m the 
Eskdale and Ennerdale granites dur ing the i r in t rus ion , along a 
series of hypothet ical r ad i a l faul ts into the reactive Carboniferous 
l imestones . Also , al lows f o r the m i x i n g w i t h groundwaters and 
r e c i r c u l a t i o n along N-S and NW-SE fau l t s . 
( i i ) Age 
Pos t -Carboni ferous 
( i i i ) Add i t iona l Evidence 
(a) Presence of haematite veins and disseminations throughout 
the exposed in t rus ives and along several of the i n f e r r e d 
m a j o r channelways (e. g. Bleng R ive r Faul t ) . 
Dixon 1927 
(i) Theory 
Ascent of i r o n - r i c h f lu ids f r o m a deep seated, unexposed magmatic 
source i n the centra l Lake D i s t r i c t along f r a c t u r e s i n the Lowes-
water Flags . Orebodies being formed, where the l imestones over-
step the f l ags . A l so al lows f o r s l ight l a t e r a l m i g r a t i o n by 
groundwater c i r cu l a t ion . 
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( i i ) Age 
P o s t - T r i a s s i c 
( i i i ) Addi t iona l Evidence 
(a) The s i m i l a r i t y between hyd ro the rma l m i n e r a l zonation i n 
Cornwal l and. the apparent p a r t i a l pe r iphe ra l d i s t r ibu t ion of 
haematite deposits around, the lead-zinc veins of the 
cen t ra l Lake D i s t r i c t . 
(b) Occurrence of economic ore bodies i n the Skidd aw Slate 
Series at Kel ton F e l l . 
(c) Concentrat ion of m ine ra l i z a t i on along NW-SE pos t -T r i a s s i c 
f au l t s . 
T r o t t e r 1945 
(i) Theory 
V e r t i c a l ascent of i r o n - r i c h f lu ids f r o m a deep-seated 
magmat ic source i n the cent ra l Lake D i s t r i c t into a p r e -
denudation B r o c k r a m cover followed, by downdip m i g r a t i o n into 
areas under la in by Carboniferpus l imestones . The wes te rn l i m i t 
of m i g r a t i o n i n the West Cumberland, area being controlled, by a 
l a t e r a l facies change i n the B r o c k r a m s f r o m permeable 
breccia-conglomerates to imperv ious shales. 
( i i ) Age 
Post-Pe r m i a h 
( i i i ) Addi t iona l Evidence 
(a) Associa t ion of specular haemati te , f l u o r i t e , bari te and 
chalcopyri te w i t h the ores . ( In terpre ted as a typ ica l 
hyd ro the rma l assemblage). 
(b) Occurrence of b a r i t e s and haematite i n the Brock rams and 
lower units of the St. Bees Sandstones south of Egremont . 
(c) Apparent co r r e l a t i on between the wes t e r ly known l i m i t of 
the West Cumberland o r e f i e l d and the thickening of the 
St. Bees Shale. 
Schnellmann 1947 
(i) Theory 
V e r t i c a l ascent of i r o n - r i c h hydro the rma l f lu ids f r o m a deep 
seated source into s t r u c t u r a l "highs" along faul ts and f i s su r e s . 
( i i ) Age 
P o s t - T r i a s s i c 
( i i i ) Addi t iona l Evidence 
(a) Assoc ia t ion of a s i l i ca - f l u o r i t e - dolomite - bar i te 
assemblage w i t h the ores. 
(b) Clus ter ing of ore bodies around an i n f e r r e d an t i c l i na l 
s t ruc ture i n the Egremont -Clea te r Moor area. 
I t is c lear that each theory r e f e r s to one or more impor tan t 
charac te r i s t i cs of the m i n e r a l i z a t i o n and is an adequate model when considere 
by i t s own c r i t e r i a . Unfor tunate ly no single theory appears to explain the 
evidence o f f e r ed by a l ternat ive theories and thus exists only as a negative 
argument . This weakness can be a t t r ibu ted to four ma in causes: 
(i) Attaching undue importance to observations i n r e s t r i c t ed areas, 
especial ly i n the h ighly productive l imestone bel t . 
( i i ) Envisaging metallogenesis as a process unrelated, to the 
geological evolut ion of the area. 
( i i i ) Fa i lu re to recognise the poss ib i l i ty of spatial coincidence 
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between i r o n o x i d e - r i c h sedimentary sequences and. i r o n oxide 
mine ra l i z a t i on , 
(iv) Mi s in t e rp re t a t i on of the gangue m i n e r a l assemblage. 
These fac to r s have tended to d i s t r ac t at tention f r o m the total environment 
of the m i n e r a l i z a t i o n and. i t s place i n the geological continuum. The author 
does not intend, to discuss the "p ros" and. "cons" of ind iv idua l theories and 
the reader i s re fer red , to the references given above. Instead, i t is intended 
to introduce relevant points into the discussion as the new theory of ore 
genesis is developed.. 
/ 
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2. REGIONAL GEOLOGY 
2. 1. In t roduct ion 
Haematite mine ra l i za t i on as shown by the development of veins 
and metasomatic replacements of haemati te , occurs throughout large areas 
of the wes te rn , cen t ra l and. southern parts of the Lake D i s t r i c t . Unless these 
occurrences are d i smissed as mere f reaks of nature', the i r genesis must be 
re la ted to the geological evolut ion of the region. The fo l lowing chapter has 
therefore been w r i t t e n to provide a necessary geological f r a m e w o r k f o r a 
new theory of m ine ra l i z a t i on which attempts to relate the genesis of the ores 
to the s t r u c t u r a l and geochemical nature of the basement. 
2. 2. General Geology 
The Lake D i s t r i c t is essent ia l ly a domed area, compr is ing 'a core 
of fo lded Ordov ic i an -S i lu r i an rocks surrounded by a g i rd le of r e l a t i v e l y 
undeformed. Carboniferous and P e r m o - T r i a s s i c sediments (F ig . l ) . / 
Pass ively in t ruded in to the core are a group of post-orogenic Devonian 
granites surrounded by the i r respective t h e r m a l metarruJphic aureoles . ' 
On the wes te rn f l ank of the dome the pe r iphera l rocks are s t rongly 
fau l ted and. T r i a s s i c sandstones are brought into juxtaposi t ion w i t h m a j o r 
Ordovic ian elements of the core. The accepted s t r a t ig raph ica l succession 
shown in Table 1 i s broken by a ser ies of strong unconformi t ies , each 
m a r k i n g a prolonged per iod of denudation, 
( i) Skidd aw Slate Series 
These represent the oldest known rocks i n the Lake D i s t r i c t and 
consist of a th ick sequence of greywackes, siltstones and peli tes laid, down , 
under geosyncl inal conditions and. subjected to the f u l l de format iona l fo rces 
of the Caledonian orogeny. 
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T A B L E 1 
G E N E R A L I S E D GEOLOGICAL SUCCESSION 
FOR THE L A K E DISTRICT 
Period. 
P e r m o - T r i a s sic 
F o r m a t i o n 
(St. Bees Sandstone 








Unconfo rmi ty 
Upper Carboniferous (Coal Measure Series 
(Mil ls tone G r i t Series 50-200 
Lower Carboniferous (Hensingham Group 60-1600 
(Carboniferous . L i m e stone 
Group 700 
Unconfo rmi ty 
S i lu r i an 
Upper Qrdovic ian 
(Ludlow Series 12000 
(Wenlock Series 1000 
(Llandovery Series 250 
(Ashg i l l Series 100 
(Coniston Limestone Series 150-1100 
Lower Ordovic ian 
Un c onf o r m i t y 
Borrowdale Volcanic Series 
Skiddaw Slate Series +2500 
(* Devonian absent f r o m the succession except i n the Ul l swate r area 
-? M e l l F e l l Conglomera te . ) 
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( i i ) Bor rowdale Volcanic Series 
The Borrowdale Volcanic Series l ie d i r e c t l y above the Skiddaw 
Slate Series and. constitute a volcanic pile of calc-alkal ine lavas and t u f f s ; 
the junct ion between the two remaining a con t rover s i a l s t r a t ig raph ica l 
p rob lem ( i . e . conformable or unconformable ) . 
( i i i ) Upper Ordovic ian and. S i lu r ian Sediments 
These res t w i t h classic unconformi ty on the Borrowdale 
volcanics and. pass l i t ho log i ca l l y f r o m shallow water l imestones and shales 
of a shelf fac ies , upwards into deeper wate r mudstones si l tstones, and 
shales of a geosyncl inal tu rb id i te fac ies . • 
( iv) Carboniferous Limestone Group 
F o r m i n g the innermost zone of the Upper Palaeozoic g i rd l e , the 
Lower Carboniferous rocks l ie d iscordant ly on Ordov ic i an -S i lu r i an 
strata and. i n the Ul l swater -Haweswater area can be seen to overstep a l l 
three units of the core . The lowermos t beds, known as the Carboniferous 
Limestone Series, consist of a regular a l te rna t ing succession of l imestones 
and. shales. Seven massive l imestones have been identified, and are numbered 
one to seven i n downward sequence. 
(v) Hensingham Group . 
O r i g i n a l l y included i n the younger Mil ls tone G r i t Series they are 
now known to contain a Lower Carboniferous l imestone fauna and. have been 
separated, accord ing ly . Predominant ly sandstones and. shale w i t h subordinate 
l imestone they are best developed i n the Whitehaven area and. pass without 
break into the Mi l l s tone G r i t Series. 
(vi) Mi l l s tone G r i t Series and. Coal Measures 
The Mi l l s tone G r i t Series compr i s ing f laggy sandstones, coarse 
10 
fe Id spathic g r i t s and. shales is succeeded conformably by the Coal Measures, 
a th i ck a l te rna t ing sequence of shales, f i r ec l ays , productive coal seams and 
sandstones. 
( v i i i ) B r o c k r a m , Magnesian Limestone and St. Bees Shales 
These may be grouped together because co l l ec t ive ly they f o r m the 
base of the P e r m o - T r i a s s i c succession. The B r o c k r a m s are coarse 
breccia-conglomerates and. provide the type basal facies f o r most of the 
region . In West Cumberland, however they pass l a t e r a l l y westwards into 
the Magnesian Limestone and St. Bees Shales; a l i t ho log ica l t r ans i t i on 
related, to the p r o x i m i t y of the area to the m a r g i n of a deep P e r m o - T r i a s s i c 
basin now concealed, beneath the eastern I r i s h Sea. Elsewhere the 
B r o c k r a m s are succeeded, by t he i r l a t e r a l equivalents. A t Egremont the 
B r o c k r a m s res t d i r e c t l y on Borrowdale volcanics , having completely 
transgressed, the in tervening Carboniferous succession. 
( v i i i ) St. Bees Sandstone 
This f o r m a t i o n fo l lows on f r o m the St. Bees Shales without break 
and consists of a series of w e l l bedded, red. sandstones of unknown th i ck -
ness (+ 3000 f t . ) . The r ed co lora t ion is due to the presence of f i n e l y 
i 
divided, i n t e rg ranu la r haematite and i s considered by some geologists as a 
possible source of i r o n f o r the l o c a l haematite deposits (Goodchild. 1889 and 
Smith 1924). 
( ix) Igneous Rocks 
Excluding dykes and other m i n o r in t rus ives , igneous in t rus ions 
are found, only i n the Lower Palaeozoic core of the dome. The f ive larges t 
in t rus ions are the Shap, Skiddaw and Eskdale grani tes , the Ennerdale 
granophyre and the Ca r rock F e l l gabbro complex. Of these, the granite 
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in t rus ives were passively emplaced. dur ing the ea r ly Devonian, and post-
date the late S i lu r i an d.eformation of the Caledonian orogeny. T h e r m a l 
me tamorph i sm is greatest around the Skiddaw granite but areas of static 
hornfe l s and contact a l t e ra t ion have been mapped around each of the other 
in t rus ions . Epidot iza t ion (ca lc ium metasomat ism) is also w e l l developed 
i n areas where Borrowdale volcanics f o r m the country rocks . 
F o r a more detai led desc r ip t ion of the regional geology, papers 
by M i t c h e l l (1956) and Hol l ingswor th (1955) provide excellent p r ec i s . 
2. 3. Structure 
The dominant s t r u c t u r a l element of the Lake D i s t r i c t is a 
complex Caledonian ant icl ine "Lake D i s t r i c t A n t i c l i n e " t rending NE-SW 
through Butte rme re and Skidd aw. I t was f o r m e d dur ing the late S i lu r i an 
and. divides the outcrop of the .Bor rowdale volcanics into nor the rn and 
southern zones. W i t h i n this s t ruc ture the t ight i soc l ina l folds of the Skidd aw 
Slate Series contrast sharply w i t h the more open, folds of the Borrowdale 
Volcanic Series. Some w o r k e r s a t t r ibute th is feature to d i f f e r e n t i a l 
competancy of the s trata dur ing a single phase of de fo rmat ion (Soper 1970) 
' w h i l s t others asser t that the Skidd aw slates underwent polyphase de fo rma t ion 
p r i o r to the deposi t ion of the volcanics (Simpson 1968). 
Caledonian fau l t s are d i f f i c u l t to recognise because there is l i t t l e 
s t ra t ig raphic evidence to provide a p re -Hercyn ian t ime m a r k e r . F i r m a n (1960) 
and. C l a r k (1963) both w o r k i n g independently agree that Caledonian fau l t ing 
i n the Lake D i s t r i c t i s represented by conjugate sets of high angle NW and NE 
t rending wrench faul ts which su f fe red la te r v e r t i c a l movement . 
The ensuing Hercyn ian orogeny produced only m i n o r f l e x u r i n g of 
the s trata and. was essent ia l ly a pe r iod of b lock movement accompanied, by 
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strong fau l t ing . New fau l t patterns were established but many e a r l i e r 
l ines of weakness were react ivated. Moseley (1967) records a s i m i l a r i t y 
i n trend, between jo in ts and faul ts i n the Carboniferous and T r i a s s i c 
sediments and. suggests that post-Caledonian s t ructures i n the nor th of 
England, share a common inher i tance. 
The g i rd le of G a r b o n i f e r o u s / P e r m o - T r i a s s i c sediments is 
disrupted by a mul t i tude of p r e - T r i a s s i c and. pos t -T r i a s s i c f au l t s . 
The f o r m e r set is best developed i n West Cumberland, where i t is 
represented by a series of NE-SW st ructures th rowing Coal Measures 
against Lower Carboniferous l imestones . Although more widespread 
the second, set i s characterised, by a series of m a j o r NW-SE faul ts 
which pa r a l l e l the marg ins of the ma in P e r m o - T r i a s s i c basins. In West 
Cumberland the la rges t of these faul ts i s the Boundary Fault which throws 
T r i a s s i c sandstones against the Skiddaw Slate Series, and Eskdale Grani te . 
2 .4 . Eskdale and. Ennerdale In t rus ives 
In view of t he i r suspected role i n the genesis and d i s t r i b u t i o n 
of the haematite ores a separate section has been included to describe 
t he i r m a i n features more f u l l y . The Eskdale granite and Ennerdale 
granophyre f o r m the la rges t of the exposed Devonian in t rus ives and. cover 
an area of 84 square m i l e s ( F i g . 1). Both are composite bodies i n which 
the ind iv idua l units are pe t ro log ica l ly d i s s i m i l a r but petrogenet ical ly re la ted . 
This re la t ionship is c l e a r l y demonstrated by the nature of the regional 
g rav i ty pat tern , the detai ls of which are descr ibed i n chapter 6 and. . 
appendix I . They are also extensively m i n e r a l i z e d and. compared, to other 
Lower Palaeozoic s t ra ta c a r r y i n g a greater number of discrete ve in 
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deposits . Par ts of the Eskdale grani te , especial ly along the Eskdale va l ley , 
are pervaded by a network of haematite veinlets and. disseminat ions , and 
a lmost eve ry jo in t plane is coated, w i t h haematite. 
Recent w o r k by C la rk (1963), F i r m a n (1953) and Ol ive r (1961) 
has done much to c l a r i f y the geological setting of the in t rus ives and. the i r 
observations have provided addi t ional evidence i n support of the present 
study. 
2 . 4 . 1 . Pe t ro logy of the In t rus ives 
( i ) Eskdale granite 
The Eskdale granite is- a s tock- l ike body, in t ruded into the 
Borrowdale Volcanic Series and surrounded by a na r row t h e r m a l 
metamorphic aureole . Accord ing to Simpson (1934) three types of granite 
can be recognised: a P ink type, a Green type and a Grey type. The Pink 
type occupies the nor the rn area of the in t rus ive and is a coarse-gra ined 
muscovite - b i otite grani te . The Green type is confined, to patches w i t h i n 
the Pink and has a s l igh t ly higher content of biot i te and orthoclase. 
Cont ra ry to Simpson's c l a s s i f i ca t ion the Survey do not recognise this 
d i s t i nc t ion and consider the Green to be m e r e l y a loca l va r i a t i on of the P ink . 
The Grey type occupies the southern area of the granite and. is a med ium-
grained, granodior i te containing a higher percentage of biot i te and plagioclase 
Late stage a l t e ra t ion i s represented by deuter ic s e r i c i t i za t ion , 
c h l o r i t i z a t i o n and m i n o r greisehizatiOn, and effects most of the grani te . 
Feldspar s e r i t i c i z a t i on i s ubiquitous, especial ly i n areas of the Pink grani te , 
where the degree of a l t e ra t ion var ies f r o m a few f lakes of ser ic i te along 
cleavage planes to completely s e r i c i t i z e d masses. Ch lo r i t i z a t i on of the 
b io t i tes is also widespread and. i n the P ink va r i e ty v e r y l i t t l e of the o r i g i n a l 
i 
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da rk brown biot i te now remains . Both processes were accompanied by a 
r ed i s t r i bu t ion of the i r o n and an explusion of included i r o n oxides into 
in te r granular areas. 
The author believes however that i n general the i r o n was not 
completely lost f r o m the system but prec ip i ta ted l o c a l l y as haematite 
i n m i c r o f r a c t u r e s , f i s su re s , jo ints and faul ts i n adjacent areas of gran i te . 
This would, account f o r the close associat ion between areas of haematized 
granite and. areas of strong a l t e ra t ion . The end. product of complete 
a l t e ra t ion is probably represented by the equigranular quar tz - se r i c i t e 
rock at Water Crag where the i r o n has been removed, beyond, the zone of 
a l t e ra t ion : 
b iot i te chlor i te ser ic i te 
fe ldspar > fe ldspar >• quartz 
quartz ser ic i te muscovite 
quartz ' 
Gr iesenizat ion is res t r ic ted, to the immediate v i c i n i t y of Devoke Water • 
and here the granite has been p a r t i a l l y converted to a quartz-topaz rock ' 
w i t h m i n o r f l u o r i t e . A p a r t f r o m the f l u o r i t e occurrences at Beckfoot Quar ry , 
f l uo r ine pneumatolysis is ve ry loca l i sed , (c. f . res t r ic ted, d i s t r i b u t i o n of 
f l u o r i t e i n the West Cumberland o r e f i e l d . ) A t present there i s no evidence 
f o r the age of the deuter ic a l t e ra t ion o rg re i sen iza t ion and one can only 
presume that they were a mani fes ta t ion of the f i n a l consolidation of the grani te . 
( i i ) Ennerdale granophyre 
The Ennerdale granophyre is in t ruded into the Lower Palaeozoics 
along the NE-SW Skiddaw slate - Borrowdale volcanic junct ion but is 
elongated nor th-south . Although not complete ly unroofed, the exposed 
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sections show that 80% of the mass consists of granophyre and subordinate 
p o r p h y r i t i c m i c r o g r a n i t e . Pe t rograph ica l ly the granophyre consists of 
fe ldspar phenocrysts i n a f i ne -g ra ined mic rog raph ic quar tz - fe ldspar m a t r i x 
w i t h i r r e g u l a r clots of biot i te and i r o n oxides. Deuter ic a l t e ra t ion i s weaker 
than i n the Eskdale grani te . 
I r respec t ive of the con t rove r s i a l f i e l d evidence, K - A r 
age dating indicates that both the Ennerdale and. Eskdale in t rus ives were 
emplaced. i n a r e l a t i ve ly short space of t ime (Brown et a l . 1964). 
2 . 4 . 2 . T h e r m a l Metamorph i sm of the Country Rocks 
Surrounding the in t rus ions there are aureoles of t h e r m a l meta-
m o r p h i s m wh ich va ry f r o m a few hundred, feet to several m i l e s i n w i d t h . 
The e f fec t on the country rocks is greatest i n the Borrowdale Volcanic 
Series where there i s a conspicuous development of biot i te and w i spy 
amphibole. On the eastern side of the granite the biot i te aureole is only 
600-900 feet wide but th is gradual ly increases to 2 m i l e s i n the northeast 
and is complete ly continuous between Burnmoor T a r n and the Was dale 
Head, i n l i e r . Around, the eastern and southern margins of the granophyre 
the biot i te zone is over 1 m i l e i n w i d t h and. though not proven probably 
merges w i t h the granite aureole. 
In contrast the Skiddaw slates adjacent to the in t rus ives are 
converted in to f e l s i t i c horn fe l s , passing outwards in to hardened 
unlaminated. slates. On the wes t e rn side of the granophyre the aureole 
is 3 m i l e s i n w i d t h but elsewhere i s l imi ted , to several hundred yards . 
C la rk a t t r ibutes this d i f fe rence to s t r u c t u r a l an i so t rop i sm related, to the 
s t r ike of the Caledonian cleavage. However, a more r ea l i s t i c explanation 
f o r the observed va r i a t i on i n w id th is provided by the concealed extensions 
of the granophyre and grani te . 
w o r k e r s have recognised a zone of epidotizat ion i n the Borrowdale volcanics 
which decreases outwards f r o m the igneous contacts. In the Gosfor th area, 
Rose (1937) records widespread, epidot izat ion of the andesite lavas between 
the Boundary Faul t and. the granophyre. S i m i l a r l y , F i r m a n (1953) describes 
strong epidote metasomat i sm i n the Border End., Kepple Crag, Ha r t e r F e l l 
and. Wrynose areas. Fur the r nor th , O l ive r (1961) describes a system of 
in terpenet ra t ing epidosite veins and p o r p h y r i t i c masses w i t h i n an extensive 
region of ep ido t i za t ion i n the Scafe l l -Esk P ike -Long Pike area wh ich he 
in te rpre tes as a genetic l i n k w i t h the Eskdale grani te . Elsewhere s i m i l a r 
a l t e ra t ion has always been regarded as lava autometasomatism because of 
an absence of l oca l igneous bodies. Unpublished, w o r k by F i t t o n (pers. comm. 
1970) indicates that the zone of epidot izat ion extends even into the Langdale 
and. Grasmere areas. This is e n t i r e l y consistent w i t h the infer red , posi t ion 
of the concealed. Eskdale granite as def ined by the granite bouguer anomaly. 
Figure 2 shows the recorded, d i s t r i b u t i o n of epidote metasomat i sm together 
w i t h the occurrence of haematite veins superimposed, upon the s i m p l i f i e d 
bouguer anomaly f o r the cent ra l Lake D i s t r i c t . The marked, geomet r i ca l 
s i m i l a r i t y between these three patterns suggests that the basement granites 
are an impor tan t f ac to r i n the genesis of the haematite m ine ra l i z a t i on . 
As a f i n a l comment, the author believes that the ca lc ium metasomat ism 
is related, to the se r i c i t i za t ion of the plagioclase fe ldspars i n the granite 
by the react ion: A 
2. 4. 3. Metasomat i sm of the Country Rocks 
Superimposed, and. extending beyond, the biot i te aureole var ious 
Abite - Ol ig o c la s e Serici te + ++ 
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FIGURE 2 
SIMPLIFIED GRAVITY PATTERN AND HAEMATIT3 VEIN DISTRIBUTION 
FOR THE LAKE DISTRICT 
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3. G E N E R A L DESCRIPTION OF T H E 
C U M B R I A N H A E M A T I T E PROVINCE 
3. 1. In t roduct ion 
Confined, to a na r row zone along the wes te rn side of the Lake 
D i s t r i c t are a series of ore deposits which have al ready produced an 
est imated 150 m i l l i o n tons of high grade, low phosphorus i r o n ore . The 
zone extends f r o m Lamplugh i n the nor th to Stank i n the south, a distance 
of 33 mi l e s ( F i g . 2) . I t is coincident w i t h the g i rd le of Lower Carboniferous 
sediments and. i s recognised by a development of large metasomatic 
replacements of haematite i n the l imestone of the above succession, 
especial ly i n West Cumberland, and M i l l o m - F u r n e s s . In the cent ra l 
section of this zone the l imestones are concealed beneath a th i ck cover of 
P e r m o - T r i a s sic sediments and because only t races of haematite have 
been found some geologists consider this section to be ba r r en . However, 
u n t i l the controls of m i n e r a l i z a t i o n are more f u l l y understood isolated 
deep d r i l l i n g w i l l prove inef fec t ive i n locat ing orebodies i n the under lying / 
l imestones . 
Although the West Cumberland and. M i l l o n - F u r n e s s o re f ie lds 
account f o r 98% of the recorded output they are m e r e l y the we stern, sector 
of an extensive area of epigenetic haematite m i n e r a l iza t ion extending 
eastwards across the cen t ra l Lake D i s t r i c t . The eastern section of th is 
province is represented, by wide ly scattered, ve in deposits i n the Lower 
Palaeozoics, p a r t i c u l a r l y the late orogenic Devonian in t rus ives . The 
observed, mine ra log ica l and. geochemical s i m i l a r i t i e s between these veins 
and. the replacements deposits f u r t h e r west suggests they are probably 
cogenetic. Throughout the province , s t r u c t u r a l and. s t ra t igraphic 
discont inui t ies have provided, the ma in channelways f o r the m i n e r a l i z i n g 
f l u i d s . The metasomatic ore bodies represent a special case i n which the 
process of ore deposit ion was also cont ro l led by the chemis t ry of the 
w a l l r o c k s . 
This hypothesis is c a r e f u l l y examined i n the present study and. 
the t e r m "Cumbr ian Haematite P rov ince" has been chosen to describe 
this greater reg ion . (N . B . Unless otherwise stated, " m i n e r a l i z a t i o n " 
w i l l be used, synonomously w i t h hae mat i te m ine ra l i z a t i on i n la te r chapters) 
3 .2 . D i s t r i b u t i o n of Mine ra l i z a t i on i n the Carboniferous Limestone Zone 
As shown i n Figure 3 , the West Cumberland, orefield. occupies 
the no r the rn section of the l imestone zone and. is d iv ided into two par t s : 
an "exposed." section f r o m Lamplugh to B i g r i g g i n which the l imestones 
run to outcrop, and. a "concealed" section f r o m B i g r i g g to Cald.er Bridge 
in which the l imestones are concealed, beneath a cover of P e r m o - T r i a s sic 
sediments (Figure 3). Orebodies are developed along NW-SE pos t -Tr i a s sic 
faul t s and. NE-SW p r e - T r i a s s i c fau l t s , both sets predating the m a i n phase 
of m i n e r a l i z a t i o n . Along the nor theastern m a r g i n of the o r e f i e l d are 
a series of ve in deposits i n the Skidd aw Slate Series which provide the 
closest spat ia l l i n k between Lower Palaeozoic veins and. Carboniferous 
replacement deposits . 
The M i l l o m - F u r n e s s o r e f i e l d occupies the southern end of the 
l imestone zone and f o r m s a " V " shaped, area around the f lanks of the 
southwest pi tching High Haume A n t i c l i n e . The Lower Carboniferous 
l imestones re -emerge f r o m beneath the P e r m o - T r i a s s i c s at Ki rksan ton , 
pass under the Dud.don estuary and. swing northeastwards around the nose 
of the ant ic l ine in to the Ulvers ton area ( F i g . 4) . Orebodies nor th of the 
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e s t u a r y ( i . e . K i r k s a n t o n to M i l l o m ) o c c u r a l o n g s m a l l p o s t - T r i a s s i c 
f a u l t s p a r a l l e l i n g the g r e a t N W - S E t r e n d i n g B o u n d a r y F a u l t . T h i s t r e n d 
i s p r e s e r v e d sou th o f the e s t u a r y bu t as the l i m e s t o n e o u t c r o p t u r n s n o r t h 
an i n c r e a s i n g n u m b e r o f o r e b o d i e s o c c u r a l o n g E - W p o s t - T r i a s s i c f a u l t s . 
The a r e a of m i n e r a l i z a t i o n i s bounded to the' southeas t b y the U r s w i c k 
Sync l ine w h i c h r u n s N E - S W t h r o u g h L i t t l e U r s w i c k , and. to sou thwes t b y 
the t r o u g h of P e r m o - T r i a s s i c s e d i m e n t s w e s t o f the Y a r l s i d e F a u l t , (a 
d i s l o c a t e d b r a n c h o f the B o u n d a r y F a u l t ) . N o r t h e a s t o f L i n d a l the 
m i n e r a l i z a t i o n g r a d u a l l y weakens and. the o u t e r m o s t d e p o s i t i s p r o b a b l y 
r e p r e s e n t e d b y the P l u m p t o n o r e b o d y . 
3. 3. D i s t r i b u t i o n o f M i n e r a l i z a t i o n i n the L o w e r P a l a e o z o i c a r e a s 
The e x t e n s i v e r e g i o n o f m i n e r a l i z a t i o n eas t of the l i m e s t o n e zone 
i s r o u g h l y t r i a n g u l a r shaped; the base o f the t r i a n g l e l y i n g b e t w e e n B o o t l e 
and M o c k e r k i n w i t h a n apex i n the B r o t h e r s W a t e r a r e a . T h i s enc lo se s 
bo th the E s k d a l e and E n n e r d a l e i n t r u s i v e s a n d m o s t o f the s o u t h e r n t r a c t 
o f B o r r o w d a l e v o l c a n i c s i n the c e n t r a l L a k e D i s t r i c t . S c a t t e r e d t h r o u g h o u t 
t h i s a r e a a r e n u m e r o u s v e i n d e p o s i t s . M i n e r a l i z a t i o n i s bes t d e v e l o p e d 
i n the Skiddaw Slate S e r i e s a t K e l t o n F e l l a n d i n the E s k d a l e g r a n i t e a l o n g 
the E s k v a l l e y w h e r e t h e r e a r e m i n o r v e i n c o m p l e x e s . 
3. 4 . T y p e s of O r e b o d y 
F o u r m a i n t y p e s m a y be r e c o g n i s e d : 
( i ) V e i n s ( s ensu s t r i c t o ) 
These a r e m i n e r a l i z e d f a u l t s a n d f i s s u r e s i n w h i c h the o r e 
m i n e r a l s f i l l open b r e c c i a s and. d i l a t i o n c a v i t i e s . V e i n s i n 
the L o w e s w a t e r F l a g s a n d E s k d a l e g r a n i t e a r e t y p i c a l o f t h i s 
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type o f o r e b o d y . I n g e n e r a l h o w e v e r f a u l t s i n the Skidd aw 
Slate S e r i e s do not c a r r y p r o d u c t i v e o r e shoots because t h e i r 
f a u l t p lanes a r e r e l a t i v e l y t i g h t s t r u c t u r e s and. o f t e n f i l l e d , w i t h 
an i m p e r v i o u s c o m m i n u t e d s la te gouge. 
( i i ) F l a t s 
These a r e f l a t o r t a b u l a r i n shape and. show a s t r o n g l i t h o -
l o g i c a l c o n t r o l . T h e y a r e f o r m e d by the c o m p l e t e r e p l a c e m e n t 
of a f a v o u r a b l e l i m e s t o n e h o r i z o n and f r e q u e n t l y enc lose 
u n d i s t u r b e d l enses o f n o n - c a r b o n a t e m a t e r i a l . I n F u r n e s s 
the s p e c i f i c i t y o f r e p l a c e m e n t i s m o s t p r o n o u n c e d a n d o n l y 
c e r t a i n l i m e s t o n e s a r e r e p l a c e d . 
The m a r g i n s o f such o r e b o d i e s m a y be s h a r p o r t r a n s i t i o n a l 
a n d l o c a l l y the o r e m a y e v e n change h o r i z o n w i t h i n the same 
o r e b o d y . The exac t m e c h a n i s m of m e t a s o m a t i s m i s u n k n o w n 
bu t i s u n d o u b t e d l y r e l a t e d t o the c o m p l e x p h y s i o c h e m i c a l 
c o n d i t i o n s p r e v a i l i n g a t the s i t e o f d e p o s i t i o n . F l a t s a r e 
c l o s e l y a s s o c i a t e d w i t h f a u l t s w h i c h appear t o have acted, as 
f e e d e r s f o r the m i n e r a l i z i n g f l u i d s . The l a r g e s t f l a t d i s c o v e r e d 
w a s the " H o d b a r r o w F l a t " ( M i l l o m - F u r n e s s ) w h i c h a v e r a g e d 
60 f e e t i n t h i c k n e s s and. c o v e r e d a s u r f a c e a r e a o f 3^ m i l l i o n 
square f e e t . 
( i i i ) V e i n - l i k e bod i e s 
I n c o n t r a s t t o v e i n s sensu s t r i c t o these a r e f o r m e d , by the 
m e t a s o m a t i s m o f ca rbona te w a l l r o c k s a l o n g f a u l t s i n the 
C a r b o n i f e r o u s L i m e s t o n e S e r i e s . The zone o f r e p l a c e m e n t 
i s n a r r o w and. o r e b o d i e s a r e e i t h e r v e r t i c a l o r sub v e r t i c a l i n f o r m . 
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A l t h o u g h h i g h l y i r r e g u l a r i n c r o s s s e c t i o n , m a x i m u m 
d i m e n s i o n s o c c a s i o n a l l y e x c e e d 2000 f e e t i n s t r i k e l e n g t h , 
100 f e e t i n t h i c k n e s s and. 500 f e e t i n d e p t h . 
T r a n s i t i o n a l b e t w e e n types 2 and. 3 t h e r e a r e m a n y i n t e r -
m e d i a t e f o r m s w i t h u n u s u a l l o c a l names ( e . g . gu t s , g i n n e l s , 
s toops and. p i p e s ) , 
( i v ) Sops 
T h i s s p e c i a l type o f o r e b o d y i s p e c u l i a r t o the f l a n k s o f the 
H i g h H a u m e A n t i c l i n e , F u r n e s s , and. i s cons idered , t o be 
s e c o n d a r y i n o r i g i n ( D u n h a m and. Rose , 1941). The h a e m a t i t e 
f o r m s one of s e v e r a l l a y e r s o f d i f f e r e n t m a t e r i a l l i n i n g the 
i n s i d e o f l a r g e s o l u t i o n h o l l o w s i n the l i m e s t o n e . Because 
o f t h e i r d o u b t f u l p r i m a r y o r i g i n t hey w e r e e x c l u d e d f r o m the 
^ s a m p l i n g p r o g r a m m e . 
3 . 5 . O r e types 
The o r e s o c c u r i n t h r e e m a i n f o r m s : 
( i ) M a s s i v e o r e - c o m p a c t , m a s s i v e , b r o w n i s h r e d t o b l u i s h 
g r e y h a e m a t i t e c o n t a i n i n g m a c r o s c o p i c vugs f i l l e d w i t h s i l i c a 
o r c a l c i t e 
( i i ) B o t r y o i d a l o r e - dense , f i n e l y banded, c o l l o f o r m h a e m a t i t e . 
. ( i i i ) Specu la r o r e - agg rega te s o f i n t e r l o c k i n g s p e c u l a r i t e c r y s t a l s 
The r e p l a c e m e n t o r e b o d i e s c o n s i s t a l m o s t e n t i r e l y o f m a s s i v e ore- w i t h 
s m a l l e r a m o u n t s of b o t r y o i d a l o r e , w h i l s t the L o w e r P a l a e o z o i c v e i n 
d e p o s i t s a r e p r e d o m i n a n t l y of b o t r y o i d a l o r e . The m a s s i v e o r e d e s c r i b e d 
f r o m v e i n s d e p o s i t s i n the L o w e r P a l a e o z o i c s i s o n l y m o r p h o l o g i c a l m a s s i v e 
and. w h e n e x a m i n e d m i c r o s c o p i c a l l y i s seen to be a p a r t i a l l y r e c r y s t a l i z e d 
f i n e l y banded b o t r y o i d a l o r e . S i m i l a r l y , o t h e r v a r i e t i e s r e f e r r e d , t o i n the 
l i t e r a t u r e a r e e i t h e r m i x t u r e s o f the t h r e e end. m e m b e r s o r t h e i r w e a t h e r e d 
e q u i v a l e n t s . 
3. 6 M i n e r a l o g y 
The o r e 8 a r e a l m o s t e n t i r e l y m o n o m i n e r a l i c a n d c o n t a i n o n l y 
m i n o r a m o u n t s o f gangue m i n e r a l s ; the m o s t abundant b e i n g q u a r t z , 
c a l c i t e and l o c a l l y b a r i t e . O c c a s i o n a l l y the b a r i t e con ten t o f the o re 
exceeds 10% b y w e i g h t and d r a s t i c a l l y r educes i t s m a r k e t va lue (e . g . 
H a i l e M o o r M i n e , W e s t C u m b e r l a n d ) . I n r e s t r i c t e d , a r e a s t h e r e a r e 
a l s o s m a l l e r q u a n t i t i e s of f l u o r i t e , d o l o m i t e , side r i t e , m a n g a n i t e and. 
p y r i t e . 
3. 7 C o n c l u s i o n s 
A l t h o u g h t h e r e a r e f e w p r o d u c t i v e o r e b o d i e s ou t s ide the l i m e -
stone zone , the v e i n s and. haemat i zed . s h a t t e r be l t s o f the L o w e r 
P a l a e o z o i c s a r e e q u a l l y as i m p o r t a n t i n d e f i n i n g the r e g i o n of i r o n 
m e t a l l o g e n e s i s . B y c o n s i d e r i n g m e t a s o m a t i o n as a l i m i t i n g case , the 
e c o n o m i c b ias i m p o s e d by the W e s t Cumber l and , and M i l l o m - F u r n e s s 
o r e f i e l d s no l o n g e r o b s c u r e s the s i g n i f i c a n t p a t t e r n s o f m i n e r a l i z a t i o n . 
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4 . R E P L A C E M E N T S D E P O S I T S O F T H E 
W E S T C U M B E R L A N D O R E F I E L P 
4 . 1 . I n t r o d u c t i o n 
The W e s t C u m b e r l a n d o r e f i e l d . occup ie s the n o r t h e r n s e c t i o n o f 
the h i g h l y p r o d u c t i v e w e s t e r n zone r e f e r r e d , t o i n c h a p t e r 3. A l t h o u g h 
not coex t ens ive w i t h the a d j a c e n t M i l l o m - F u r n e s s o r e f i e l d . , bo th a r ea s a r e 
c h a r a c t e r i s e d , b y a d e v e l o p m e n t o f m e t a s o m a t i c r e p l a c e m e n t s o f h a e m a t i t e 
i n the C a r b o n i f e r o u s L i m e s t o n e S e r i e s . A s a r e s u l t the d i s t r i b u t i o n o f 
o re bod ie s i s def ined, b y the a r c u a t e o u t c r o p o f l i m e s t o n e s around, the w e s t e r n 
f l a n k o f the c e n t r a l L a k e D i s t r i c t ( F i g . 3 ) . 
B e t w e e n L a m p l u g h and. B i g r i g g the l i m e s t o n e s a r e w e l l exposed, 
but f u r t h e r south the o u t c r o p t u r n s s h a r p l y s o u t h e a s t w a r d s benea th a c o v e r 
of P e r m o - T r i a s s i c s e d i m e n t s . 
A c t i v e m i n i n g i s n o w r e s t r i c t e d , t o t w o a d j a c e n t m i n e s i n the concealed 
s e c t i o n of the o r e f i e l d . sou th o f E g r e m o n t . These a r e the B e c k e r m e t M i n e 
( s o m e t i m e s k n o w n as the " W i n s c a l e s " M i n e ) and. the H a i l e M o o r M i n e , b o t h 
of w h i c h a r e owned and. operated, by the B r i t i s h S tee l C o r p o r a t i o n * M o s t o f 
the m i n e s i n the exposed, s e c t i o n of the o r e f i e l d closed, d o w n soon a f t e r t he . 
1914-18 w a r due t o a f a l l i n the p r i c e of i r o n o r e , i n r e sponse t o a n i n c r e a s i n g 
f l o w of cheaper i m p o r t e d , o r e . O t h e r f a c t o r s w e r e a l s o r e s p o n s i b l e f o r the 
d e c l i n i n g p r o d u c t i o n bu t i t i s d o u b t f u l w h e t h e r the deepe r l e v e l s of the 
exposed, o r e f i e l d . have e v e r been tested, as s y s t e m a t i c a l l y as i n the concealed, 
s e c t i o n . 
4 . 2 . S t r u c t u r e 
E x c e p t f o r the r e g i o n a l w e s t e r l y t i l t imposed , b y the T e r t i a r y d o m i n g 
o f the L a k e D i s t r i c t , the U p p e r P a l a e o z o i c s show l i t t l e ev idence o f f o l d i n g 
and the a r e a i s d o m i n a t e d b y n o r m a l f a u l t i n g and associa ted , b l o c k m o v e -
m e n t s . N o r t h o f B i g r i g g the l i m e s t o n e s s t r i k e N E - S W and d i p g e n t l y to 
the N W benea th a t h i n c o v e r o f U p p e r C a r b o n i f e r o u s s e d i m e n t s . The 
l i m e s t o n e s r e B t u n c o n f o r m a b l y on a b a s e m e n t o f s t r o n g l y fo lded. Skid daw 
s l a t e s ; the j u n c t i o n b e i n g f r e q u e n t l y fau l ted , and r a r e l y seen. F u r t h e r 
w e s t the l i m e s t o n e s r e a p p e a r i n the H e n s i n g h a m and D i s t i n g t o n i n l i e r s 
b e f o r e p a s s i n g benea th the m a i n W h i t e h a v e n - W o r k i n g t o n c o a l f i e l d . . South 
of B i g r i g g the o u t c r o p sw ings southeas t a r o u n d the nose o f the B u t t e r m e r e 
a n t i c l i n e and i s concealed, b y a t h i c k f o r m a t i o n of P e r m o - T r i a s s i c 
s e d i m e n t s w h i c h a l s o d i p t o the SW. The l i m e s t o n e s a r e no t exposed, a g a i n 
u n t i l K i r k s a n t o n , 19 m i l e s f u r t h e r sou th . I n the concealed, s e c t i o n o f 
the o r e f i e l d the H e n s i n g h a m and. h i g h e r C a r b o n i f e r o u s g r o u p s a r e absent} 
h a v i n g been removed , d u r i n g p r e - P e r m i a n d e n u d a t i o n . T h e con tac t i s 
m a r k e d b y a s t r o n g u n c o n f o r m i t y w h i c h b e t w e e n N e t h e r t o w n and. U l l c o a t s 
can be seen t o t r a n s g r e s s l o w e r and. l o w e r m e m b e r s o f the C a r b o n i f e r o u s 
L i m e s t o n e G r o u p u n t i l a t U l l c o a t s i t f i n a l l y o v e r l a p s t t e L o w e r P a l a e o z o i c 
b a s e m e n t ( F i g . 5 ) . , 
South o f Ha le M o o r the Sk iddaw Slate Se r i e s a r e replaced , b y the 
B o r r o w d a l e V o l c a n i c Se r i e s a n d i s o p a c h y t e s f o r the l i m e s t o n e s i n d i c a t e 
t h a t P e r m o - T r i a s s i c s r e s t d i r e c t l y on v o l c a n i c s i n the C a l d e r B r i d g e 
a r e a ( F i g . 6 ) . T h i s appea r s t o p l ace an e f f e c t i v e l i m i t on the d i s t r i b u t i o n 
of m e t a s o m a t i c o r e b o d i e s bu t s ince b o r e h o l e data i s so m e a g r e ( i . e . ho l e s 
w e s t o f the i n f e r r e d G o s f o r t h F a u l t have f a i l e d to pene t r a t e the P e r m i a n 
sequence) the zone be tween C a l d e r B r i d g e and. K i r k s a n t o n cannot be said, 
t o have been t h o r o u g h l y t e s t e d . 
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FIGURE 6 
STRUCTURAL MAP OF THE WEST CUMBERLAND OREFIELD 
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4 . 2 . 1 . F o l d i n g : 
A p a r t f r o m the H e n B i n g h a m and. D i s t i n g t o n h a l f d o m e s , the 
o n l y s i g n i f i c a n t f o l d s a r e m i n o r N E and. N W f l e x u r e s i n the C o a l M e a s u r e s . 
These a r e p r o b a b l y r e l a t e d t o d i f f e r e n t i a l b l o c k m o v e m e n t i n the ba semen t 
r a t h e r t h a n r e g i o n a l o r ° g e n i c c o m p r e s s i o n . The apparent , s w i n g o f the 
l i m e s t o n e s around, the B u t t e r m e r e a n t i c l i n e sugges t ing p o s t - H e r c y n i a n 
f o l d i n g a l o n g t h i s a x i s i s due t o p o s t - T r i a s s i c t i l t i n g o f the s t r a t a a l o n g 
N W - S E f a u l t s d o w n t h r o w i n g t o the SW. 
4 . 22 . F a u l t i n g : 
T h o u g h m a n y o f the f a u l t s show m o r e t han one per iod , o f n o r m a l 
m o v e m e n t t hey can be c l a s s i f i e d a c c o r d i n g t o the age o f t h e i r m a i n 
d i s p l a c e m e n t : 
( i ) P r e - T r i a s s i c f a u l t s ! 
( i i ) P o s t - T r i a s s i c f a u l t s 
The l a t t e r set d e t e r m i n e the t e c t o n i c f a b r i c o f the a r e a and d i s s e c t the 
l i m e s t o n e o u t c r o p i n t o a s e r i e s o f d e x t r a l l y d i s p l a c e d "en e c h e l o n " 
/ 
s t r i p s . 
( i ) P r e - T r i a s s i c F a u l t s 
These a r e bes t i l l u s t r a t e d b y the N E - S W " C o a l F a u l t s " , so 
c a l l e d because t h e y b r i n g C o a l M e a s u r e s aga in s t C a r b o n i f e r o u s 
l i m e s t o n e s ( e . g . St. Johns C h u r c h F a u l t , C l e a t o r M o o r F a u l t and. the 
St. John P i t t F a u l t ) . T h e y e m e r g e f r o m benea th the P e r m o - T r i a s s i c 
c o v e r a t W o o d e n d and. can be t r a c e d t h r o u g h R o w r a h to M o c k e r k i n . 
I d e n t i f i c a t i o n o f i n d i v i d u a l m e m b e r s i s d i f f i c u l t due t o r e p e a t e d l a t e r a l 
s h i f t i n g by p o s t - T r i a s s i c N W - S E c r o s s - f a u l t s . O t h e r m e m b e r s o f the 
B e t a r e r e s p o n s i b l e f o r d i s r u p t i n g the C a r b o n i f e r o u s / S k i d d a w 
u n c o n f o r m i t y . T h e y a l l d o w n t h r o w , t o the N W and d i s p l a c e m e n t s 
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o c c a s i o n a l l y exceed. 1700 f e e t . P r e - T r i a s s i c f a u l t i n g appea r s t o have been 
c o n f i n e d to N E - S W l i n e s i n the e x p o s e d s e c t i o n of the o r e f i e l d . n o r t h o f 
B i g r i g g . E v i d e n c e o f r e l a t e d i n t e r - C a r b o n i f e r o u s m o v e m e n t i s g i v e n 
by the u n c o n f o r m i t y a t the base of the W h i t e h a v e n Sandstone and the p r e -
W h i t e h a v e n m o v e m e n t on the Yea thouse a n d H e n r y P i t F a u l t s . ( N . B . M i n o r 
N - S p r e - T r i a s s i c f a u l t s have a l s o been recognised , i n the B e c k e r m e t a r e a : 
p e r s . c o m m . G r e e n w o o d 1970. ) 
( i i ) P o s t - T r i a s s i c F a u l t s 1 
These a r e deve loped t h r o u g h o u t the L a k e D i s t r i c t but a r e m o s t 
p r o m i n e n t i n W e s t C u m b e r l a n d , w h e r e t hey o c c u r as a s e r i e s o f N W - S E 
f a u l t 8 . A s desc r ibed , above , t h e y d i s s e c t the n o r t h e r n s e c t i o n o f l i m e s t o n e s 
a n d p r o d u c e a s e r i e s o f t e c t o n i c t r o u g h s i n w h i c h a r e p r e s e r v e d r e m n a n t s 
o f the o r i g i n a l P e r m o - T r i a s s i c c o v e r . F r o m B i g r i g g to L a m p l u g h the 
d o w n t h r o w i s t o the N E but south o f B i g r i g g the P e r m o - T r i a s s i c c o v e r i s 
s t epped d o w n a long a s e r i e s o f c l o s e l y spaced, f a u l t s d o w n t h r o w i n g t o the • 
SW. W h e r e the t w o subsets o v e r l a p , oppos i te the nose o f the B u t t e r m e r e 
a n t i c l i n e , t h e r e i s a c o m p l e x zone o f p o s t - T r i a s s i c N W - S E a n d W - E f a u l t s 
w h i c h d o w n t h r o w to the SW, N E , S. and N . 
I n a d d i t i o n m a n y p o s t - T r i a s s i c f a u l t s show a componen t o f p r e -
T r i a s s i c m o v e m e n t : 
(a) S a l t e r F a u l t : p r e - B r o c k r a m h o l l o w a l o n g the l i n e o f the fau l t ; 
d i f f e r e n t i a l t h i c k n e s s o f the H e n s i n g h a m G r o u p 
o n e i t h e r s ide o f the f a u l t . 
(b) R o w r a h F a u l t s i m i l a r p r e - B r o c k r a m h o l l o w ; g r e a t e r d i s -
p l a c e m e n t on the C a r b o n i f e r o u s t h a n the B r o c k r a m s 
(c) Yea thouse F a u l t : p r e - W h i t e h a v e n Sandstone and p o s t - T r i a s s i c 
m o v e m e n t Si 
(d.) H a i l e M o o r F a u l t : g r e a t e r d i s p l a c e m e n t on the C a r b o n i f e r o u s 
t h a n the B r o c k r a m s . 
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The p o s s i b i l i t y o f p o s t - T r i a s s i c r e a c t i v a t i o n i l l u s t r a t e s the 
i nadequacy o f the b i p a r t i t e c l a s s i f i c a t i o n bu t s ince not a l l N W - S E 
f a u l t s w e r e i n i t i a t e d b e f o r e the P e r m i a n i t p r o v i d e s a conven ien t m e t h o d 
f o r i n t e r p r e t i n g f a u l t p a t t e r n s . H o w e v e r , l a t e r m o v e m e n t a l o n g o l d e r 
l i n e s of w e a k n e s s m a y be m o r e g e n e r a l t h a n i s p r e s e n t l y r e a l i s e d . 
S i m p s o n f o r e x a m p l e r e c o r d s a C a l e d o n i a n d e x t r a l t r a n s c u r r e n t d i s p l a c e -
m e n t o f \ m i l e on the p o s t - T r i a s s i c M o c k e r k i n F a u l t i n the L o w e s w a t e r 
F l a g s . W h e t h e r t h i s i n d i c a t e s t ha t the s t r u c t u r a l e v o l u t i o n of the L a k e 
D i s t r i c t d u r i n g the H e r c y n i a n and T e r t i a r y w a s p r e - d e t e r m i n e d b y a 
C a l e d o n i a n f a b r i c i n the b a s e m e n t r e m a i n s a t o p i c f o r f u t u r e r e s e a r c h . 
I n v i e w of t h i s p o s s i b i l i t y i t i s r e a s o n a b l e to a s s u m e tha t the g r a n i t e 
b a t h o l i t h has r e s p o n d e d as a s i ng l e u n i t t o subsequent e a r t h m o v e m e n t s 
excep t a l o n g i t s m a r g i n s . P r e - T r i a s s i c f a u l t s i n the B e c k e r m e t a r e a a l s o 
show a t h i r d , p e r i o d of m o v e m e n t w h i c h d i s p l a c e s c r o s s - c u t t i n g p o s t -
T r i a s s i c f a u l t s ( p e r s . c o m m . Greenwood. 1971). U n f o r t u n a t e l y t h e r e i s 
no p r e c i s e w a y o f d a t i n g p o s t - T r i a s s i c even ts s ince t h e r e a r e no y o u n g e r 
r o c k s i n the a r e a . 
4 . 3. L o w e r C a r b o n i f e r o u s a n d L o w e r P e r m o - T r i a s s i c F o r m a t i o n s 
W i t h o n l y m i n o r d i f f e r e n c e s the g e n e r a l g e o l o g i c a l d e s c r i p t i o n 
g i v e n i n c h a p t e r 2 a l s o a p p l i e s t o the W e s t C u m b e r l a n d o r e f i e l d . | 
4 . 3 . 1 . L o w e r C a r b o n i f e r o u s L i m e s t o n e Se r i e s 
T h i s f o r m a t i o n c o n s i s t s o f the C a r b o n i f e r o u s L i m e s t o n e G r o u p , 
w i t h seven t h i c k l i m e s t o n e s separated, b y shales and sands tones o f V a r y i n g 
t h i c k n e s s , and o f the o v e r l y i n g H e n B ingham G r o u p . 
H e n s i n g h a m G r o u p 60-150 f t 
1st L i m e s t o n e 3 0 - 6 0 f t 
Sandstones and. sha les 10-14 f t 
Znd L i m e s t o n e 14-24 f t 
O r e b a n k Sandstones a n d shales 4 0 - 6 0 f t 
3rd. L i m e s t o n e 10-16 f t 
T h i n Shales 
4 t h L i m e s t o n e 235 -310 f t 
Shales and sands tones 14-24 f t 
5 th L i m e s t o n e 50 -70 f t 
6 th L i m e s t o n e 54 -70 f t . 
Shales 
7th L i m e s t o n e 40-182 f t 
L a m p l u g h - E g r e m o n t B e c k e r m e t 
A b s e n t 
210 -230 f t 
4 . 3 . 2 . L o w e r P e r m o - T r i a s s i c F o r m a t i o n s 
T h r o u g h o u t the a r e a the B r o c k r a m s p r o v i d e the type b a s a l f a c i e s 
o f the P e r m i a n . L i t h o l o g i c a l l y t h e y a r e a s e r i e s o f d a r k - r e d t o p u r p l e 
b r e c c i a - c o n g l o m e r a t e s w h i c h v a r y f r o m 0-400 f e e t i n t h i c k n e s s . T h i s 
v a r i a t i o n , f o r uneroded. s e c t i o n s , i s a d i r e c t f u n c t i o n o f a l a t e r a l f a c i e s 
change a c r o s s the m a r g i n of the P e r m o - T r i a s s i c b a s i n ( F i g . 7 ) . 
O n pas s ing w e s t w a r d s the B r o c k r a m s t h i n r a p i d l y and pass 
l a t e r a l l y i n t o the St. Bees Shales and M a g n e s i a n L i m e s t o n e ; t h e i r accepted, 
o f f s h o r e e q u i v a l e n t s . I sopachy t e s f o r the St. Bees Shales a r e shown i n 
F i g u r e 6 . 
The P e r m o - T r i a s s i c f o r m a t i o n s o u t c r o p as a broad, c o a s t a l b e l t 
e x t e n d i n g f r o m B a r r o w m o u t h t o the Dud d o n E s t u a r y . The beds d i p g e n t l y 
t o the SW bu t because o f s tep f a u l t i n g a l o n g N W - S E p o s t - T r i a s s i c , the 
s u c c e s s i o n t h i c k e n s r a p i d l y a c r o s s the s t r i k e . R e c e n t g r a v i t y w o r k ( B o t t 
1964) sugges ts t h a t t h i s b e l t i s m e r e l y the f e a t h e r e n d o f a huge wedge o f 
s e d i m e n t s whose c e n t r e l i e s s e v e r a l m i l e s o f f s h o r e . I so la ted , o u t l i e r s o f 
**BB> 
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L o w e r P e r m o - T r i a s s i c s a r e a l s o f o u n d i n the n o r t h e r n s e c t i o n o f the 
o r e f i e l d i n s t r u c t u r a l t r o u g h s a d j a c e n t t o m a j o r N W - S E f a u l t s (e . g . the 
B i g r i g g , I n g w e l l a n d A r l e c d o n o u t l i e r s ) . 
4 . 4 . D i s t r i b u t i o n o f O r e b o d i e s 
The n o r t h e r n m o s t o r e b o d y o c c u r s j m i l e sou th o f H a v e r c r o f t 
but d r i l l i n g i n S n a r y B e c k has p r o v e d o r y j o i n t s i n the 4 t h L i m e s t o n e and 
t h i s m u s t be t a k e n as the n o r t h e r n l i m i t o f k n o w n m i n e r a l i z a t i o n ( F i g . 3 ) . 
The n o r t h w e s t e r n b o u n d a r y i s m a r k e d by the l i n e o f p r o m i n e n t N E - S W 
C o a l F a u l t s s ince v e r y l i t t l e o r e has been f o u n d on the d o w n t h r o w side o f 
these s t r u c t u r e s . T h i s i s p a r t l y c o n f i r m e d , by the c o m p l e t e absence of 
m i n e r a l i z a t i o n i n the H e n s i n g h a m i n l i e r even though the t r u n c a t i n g f a u l t 
s t r u c t u r e i s o r e - b e a r i n g 1 m i l e t o the sou theas t . F u r t h e r sou th the 
b o u n d a r i e s a r e l e s s w e l l d e f i n e d due to the p r o b l e m of l o c a t i n g o r e b o d i e s 
benea th the t h i c k c o v e r o f u n m i n e r a l i z e d . and. d r i f t c o v e r e d P e r m o - T r i a s s i c 
s e d i m e n t s . E v e n so the t h e o r e t i c a l d i s t r i b u t i o n o f o r e b o d i e s i s c o n t r o l l e d 
b y the d i s t r i b u t i o n o f r e p l a c e a b l e ca rbona t e f o r m a t i o n s benea th the c o v e r 
) 
l 
( F i g . 6 ) . T h u s the z e r o i sopachy te f o r the C a r b o n i f e r o u s L i m e s t o n e Se r i e s 
p r o v i d e s an a p p r o x i m a t e s o u t h e r n l i m i t t o the o r e f i e l d . ; da ta r e l i a b i l i t y 
a c c e p t e d . A t p r e s e n t the s o u t h e r n m o s t w o r k i n g s o f the B e c k e r m e t Mine 
a r e i n the Sheep f i e ld s a r e a , l j m i l e s n o r t h o f C a l d e r B r i d g e . T o the 
sou thwes t o r e b o d i e s a r e c o n f i n e d t o a n a r e a eas t o f a s e r i e s of m a j o r p o s t -
T r i a s s i c f a u l t s t r e n d i n g N W - S E t h r o u g h L i n e t h w a i t e , P a l l a f l a t a n d . O r g i l l . 
A s expected, the e a s t e r n m a r g i n i s d e f i n e d by the C a r b o n i f e r o u s / S k i d d a w 
j u n c t i o n and. v e i n - l i k e r e p l a c e m e n t s p i n c h out on e n t e r i n g the L o w e r 
P a l a e o z i c b a s e m e n t . Of s p e c i a l s i g n i f i c a n c e , l a t e r r e f e r r e d , t o i n c h a p t e r 
6, i s a c o m p l e t e l a c k of m i n e r a l i z a t i o n i n the W i l t o n o u t l i e r , 2 m i l e s eas t 
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o f E g r e m o n t . T h i s i s a s m a l l o u t l i e r o f C a r b o n i f e r o u s l i m e s t o n e s 
p r e s e v e d i n a f a u l t e d t r o u g h be tween Skid daw Slates and B o r r o w d a l e 
V o l c a n i c s . 
4 . 5. S t r u c t u r a l C o n t r o l of M i n e r a l i z a t i o n 
The d i s t r i b u t i o n o f o r e b o d i e s c l e a r l y i n d i c a t e s the r o l e o f b o t h 
p r e - T r i a s s i c and p o s t - T r i a s s i c f a u l t s i n p r o v i d i n g channe lways f o r 
the m i n e r a l i z i n g f l u i d s . South o f E g r e m o n t and. n o r t h o f F r i z i n g t o n 
the N W - S E p o s t - T r i a s s i c f a u l t s w e r e f a v o u r e d w h i l s t i n the i n t e r v e n i n g 
zone the f l u i d s appea r t o have p r e f e r r e d , the N E - S W p r e - T r i a s s i c 
C o a l F a u l t s . V e i n - l i k e bod ie s a r e w e l l d e v e l o p e d a l o n g m a n y of the 
m i n e r a l i z e d f a u l t s b u t w h e r e bedd ing p lanes and. j o i n t s y s t e m s o f f e r e d 
su i t ab l e l a t e r a l channe lways the l i m e s t o n e s c a r r y e x t e n s i v e f l a t s . A 
f i n e e x a m p l e o f l a t e r a l m i g r a t i o n a long a s t r a t i g r a p h i c d i s c o n t i n u i t y 
i s g i v e n b y the m u c h quo ted "cascading 1 - 1 f l a t s o f the H e l d e r and G i l l f o o t -
P a r k M i n e s ( F i g . 8 ) . A l t h o u g h the Sk iddaw Slates S e r i e s benea th the 
o r e f i e l d a r e haemat i zed . a l o n g o r e - b e a r i n g f a u l t s no d e p o s i t has ye t been . 
i 
f o u n d w h i c h i s a v e r t i c a l e q u i v a l e n t o f a r e p l a c e m e n t o r e b o d y i n the o v e r -
l y i n g l i m e s t o n e s . - • S i m i l a r h a e m a t i z a t i o n o f the Skiddaw s la tes o c c u r s 
a l o n g f a u l t s on the e a s t e r n m a r g i n o f the o r e f i e l d bu t n e i t h e r f a u l t n o r 
h a e m a t i t e s t a i n i n g can be t r a c e d v e r y f a r b e y o n d the C a r b o n i f e r o u s b o u n d a r y . 
L o c a l l y the l o w e r m o s t B r o c k r a m b r e c c i a s a r e m i n e r a l i z e d , and. l i m e s t o n e 
f r a g m e n t s a r e r e p l a c e d b y h a e m a t i t e t o f o r m l o w g r a d e " g r a v e l " o r e s 
( e . g . at O r e b a n k H o u s e , B i g r i g g ) . I n g e n e r a l h o w e v e r un l e s s the B r o c k r a m s 
r e s t d i r e c t l y on the L o w e r C a r b o n i f e r o u s L i m e s t o n e s S e r i e s r e p l a c e m e n t 
o r e s a r e c o n f i n e d t o the l a t t e r h o r i z o n s ; . The o n l y k n o w n e x c e p t i o n i s a 
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smal l orebody in the Upper Carboniferous Coal Measures at Millyeat, 
| mile NW of Frizington, where a thin bed of Spirobis limestone has 
been replaced by haematite. 
• 
4. 6. Types of Orebody and varieties of Ore 
The ore bodies occur in two main forms "vein-like bodies1.1 and 
"flats", both of which are the result of complete metasomatic replace-
ment of limestone. Veins (sensu stricto) are not represented, and as 
mentioned above, do not occur as basement extensions of replacement 
ore bodies at higher levels. Unlike the competent Loweswater Flags at 
Kelt on F e l l , the Skiddaw slates beneath the ore fie Id are relatively 
incompetent and probably inhibited vein formation. 
The process of replacement produces two principal varieties of 
ore; massive ore and. botryoidal ore. The f irs t is a "volume - volume" 
substitution of limestone by haematite whereas the second variety forms 
as a crustiform layering in open spaces within the massive ore. 
(i) Massive Ore 
Massive ore i s found throughout the entire orefield and constitutes 
at leaBt 95% of .the ore mined. It varies little in bulk composition except 
around the margins of the orebodies where it often grades into unaltered, 
limestone. Quartz i s an integral of the ore and occurs both as a 
delicate intergrowth with the haematite and as a filling of variable sized 
i 
macroscopic vugs. The distribution and frequency of vugs and the size 
of the haematite crystals determines the colour and texture of the ore. 
The problem of selecting uncontaminated massive ore for analysis 
was resolved by applying a statistical discrimination technique to the 
geochemical data which identified anomalous samples. Several specimens 
33 
rejected by this method were subsequently found to contain mino r inclusions 
of bo t ryo ida l ore . 
( i i ) Botvyoidal Ore 
A va r i e ty much sought a f t e r by l ap idar i s t s , i t is a lmost s toichio-
m e t r i c haematite and. develops as a c r u s t i f o r m - r e n i f o r m deposit i n 
cavit ies and. channelways i n the massive ore . Mic roscop i ca l l y i t is 
l i ne ly banded and v e r y s i m i l a r to the r e n i f o r m aggregates produced, by 
the r e c r y s t a l l i z a t i o n of i n t e r f e r i n g spherulites as described by Gr igorev 
^1967). I t also occurs i n vuggy massive ore as a th in skin separating 
quartz overgrowths f r o m the enclosing host. At the quartz contact l ike 
bo t ryo ida l ore shows a progressive conversion to a quar tz-specular i te 
i n t e rg rowth , which suggests a cer ta in degree of i n s t ab i l i t y i n the presence 
of s i l i ca r i c h f l u i d s . This may explain why the best specimens are often 
enclosed by carbonate gangue or isolated, i n p remine ra l i za t ion solution 
cavit ie s. 
4 . 7 . Gangue Minera l s 
As mentioned, i n the previous chapter the gangue m i n e r a l assemblage 
is r e l a t i v e l y simple and comprises the fo l lowing minera l s i n order of 
decreasing abundance: quartz, calcite j ba r i t e , do lomi te , s ider i t e , 
manganite, f l u o r i t e and. p y r i t e . 
( i ) Quartz and. Calcite 
Both are invar iable constituents of the ores and have a ubiquitous 
d i s t r i bu t i on . Where replacement has affected sandy l imestones or 
calcareous sandstones the quartz content of the ore increases p ropor t iona l ly 
and. var ia t ions i n s i l i ca a.re thought to be related, to the nature of the 
o r i g i n a l w a l l r o c k (chap. 9). In contrast , calcite does not f o r m an i n t e r -
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growth w i t h the haematite and. occurs i n veinlets , veins and. p ipe- l ike 
bodies w i t h i n the ore . Its occurrence s t rongly suggests redeposit ion 
oi ca lc ium carbonate moving away f r o m the metasomatic f r o n t . 
( i i ) Bar i te 
The d i s t r i b u t i o n of bar i te is more localised, and. occupies two d is t inc t 
environments . A pale b lue-green va r i e ty is found, i n vugs i n orebodies 
along the NE-SW Coal Faults and. can be traced, sporadical ly f r o m 
F r i z i n g t o n to B i g r i g g . The other va r i e ty is in t ima te ly associated, w i t h 
the ore and occurs as bladed. masses of white or pink bar i t es . (The pink 
colourat ion being due to f i n e l y d iv ided haemati te . ) Its d i s t r i b u t i o n 
indicates a re la t ionship w i t h orebodies having a B r o c k r a m roof or i n close 
p r o x i m i t y to fau l ted troughs of P e r m o - T r i a s s i c sediments (e. g. Haile 
Moor , Ullcoats and. B i g r i g g ) . 
( i i i ) Side r i t e and. Dolomite 
No coherent d i s t r i bu t i on has been observed, f o r these mine ra l s except 
to note that they are more abundant i n the Lamplugh, Esket t and. Yeathouse 
areas. 
( iv) Manganite 
Manganite is found i n s m a l l quantities throughout the nor thern section 
of the oref ield. but i n the B i g r i g g area i t attains i t s best development where 
i t occurs in large masses together w i t h bar i te on the f r i nges of the orebodies. 
(v) F luo r i t e 
The presence of f l u o r i t e as a gangue m i n e r a l has been interpreted, by 
many to indicate an unequivocal magmat ic o r i g i n f o r the ores . I t is most 
abundant i n the Florence Mine where i t occurs as s m a l l euhedral c rys ta ls 
i n vugs i n the main- ore body, but has also been recorded at B i g r i g g , Cleator 
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Moor and F r i z i n g t o n . T r o t t e r (1945) repor t ing w o r k by Phemister and 
Templcman describes other f l u o r i t e occurrences i n sandstones between 
...e 1st and. 2nd. Limestones where i t cements and. replaces grains of 
c i l c i t e and quartz , and. along faul ts i n the volcanic basement beneath the 
Beckermet area. In each case i t postdates the associated haematite and 
although the t ime i n t e r v a l may have been sma l l f l u o r i t e cannot be used, 
'co support a pa r t i cu l a r theory of ore genesis. Though pure ly speculative 
there are two possible sources f o r the f l u o r i t e : 
a. A re mobi l i sa t ion of f l u o r i t e f r o m areas of f luorine pneumatolysis 
in the granite basement. 
b. A release of f l u o r i t e f r o m anhydrite beds i n the Lower 
Carboniferous Limestone Series (L lewe l lyn et a l 1968). F luo r i t e 
has not yet been identified, i n the Cumberland, anhydrites but the 
associat ion f l u o r i t e - a h h y d r i t e is not uncommon. (Dearman 
pers . comm. 1972). 
Neither source adequately accounts f o r the observed, d i s t r i bu t ion of f l u o r i t e 
"oat neither is there suf f ic ien t evidence to equate the sandstone occurrences 
w i t h those i n the Florence orebody or basement volcanics . 
(vi) Pyr i t e 
In res t r ic ted, sections of the Beckermet Mine i r r e g u l a r cavit ies i n 
the massive ore are lined, w i th t iny py r i t e c rys ta ls wh ich are c l ea r ly la te r 
than the associated, quartz or bar i te growths . Fu r the r w o r k needs to be 
carried, out before they can be re la ted to the late stage f l uo r i t e m i n e r a l -
iza t ion . 
4. 8. Galena-Chalcopyri te Veins 
As f o r f l u o r i t e , the presence of galena and chalcopyri te in the oref ield. 
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has created much discussion regarding the genetic re la t ionship between 
sulphide and haematite (Dixon 1928). Numerous base meta l veins occur 
in the .Lower Palaeozoics east of the l imestone belt but at three loca l i t i es 
duphid.es are ac tual ly found, i n associat ion w i t h haemati te . (Smith 1924 and. 
1928, T r o t t e r 1945). In the Crowgar th , Esket t and. C r o s s g i l l Mines 
discontinuous lenses of chalcopyri te , maft;hite and. bar i te have been found, 
which l ie p a r t l y w i t h i n the orebodies. A t C r o s s g i l l s t r ingers of galena 
have also been found. The present w o r k suggests that the adjacent faul ts 
have acted as channelways f o r two pulses of m i n e r a l i z i n g f l u id s ; an e a r l y 
copper-lead phase followed, by a l a te r i r o n phase. Conf l ic t ing observations 
by T r o t t e r at the Crowgar th Mine can now be reinterpreted, as the complete 
replacement of the l imestone wa l l rocks around, a p re -ex i s t ing chalcopyri te 
ve in . The abundance of bo t ryo ida l ore i n the immediate area provides 
f u r t h e r proof that the haematite ore was deposited along a w e l l developed 
open channelway. Thus the combined evidence supports a pre-haemati te 
age f o r the sulphide mine ra l i z a t i on . 
4. 9. Age of Mine ra l i z a t i on 
Recent w o r k e r s w i t h the exception of Kendal l agree i n regarding 
the m i n e r a l i z a t i o n as pos t -T r i a s s i c i n age. The development of orebodies 
along pos t -T r i a s s i c fau l t s , the sub-economic haemat i te impregnations i n 
the St. Bees Sandstones and. the conversion of m a t r i x and. pebbles i n 
B r o c k r a m s into haematite are strong fac to rs i n favour of this asser t ion. 
Against this view are the observations of Kendal l who records breccia ted 
orebodies on the Salter H a l l Faul t and. pol ished haematite blocks i n the 
B r o c k r a m s f u r t h e r south. Even Smith b r i e f l y mentions the b recc ia t ion 
and. s l ickensiding of orebodies i n the Kirk land. and. Lamplugh areas. 
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4.10. Detai led Descr ip t ion of Mines 
Deta i led accounts of the mines and methods of min ing have been 
del ibera te ly excluded f r o m the thesis . The author considers that since 
the sampling was s t r a t ig raph ica l ly uncontro l led such i n f o r m a t i o n adds 
l i t t l e to the present study. There is d.oubt also whether the special survey 
m e m o i r (Smith 1924) contains an accurate descr ip t ion of the abandoned 
work ings . Kendal l ' s review of the m e o i r (Kendall 1920) is f a r f r o m 
complementary and. points out several seaous e r r o r s and. omissions f o r 
the Salter and. Esket t Pa rk Mines . His specif ic c r i t i c i s m s are confined, 
to the above mines but he r e f e r s to a general discrepancy between the 
m e m o i r and exis t ing mine plans. 
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5. V E I N DEPOSITS I N THE LOWER PALAEOZOICS 
5 . 1 . In t roduct ion 
East of the West Cumberland, ore f i e Id. the Cumbr ian Haematite 
Province continues across the cent ra l Lake D i s t r i c t as a broad t r i angu la r 
shaped belt w i t h i t s apex i n the Bro the rs Water area. Its posi t ion is 
defined, by the occurrence of haematite veins (sensu s t r i c to ) i n the Lower 
Palaeozoics; 45 of the l a r g e r veins having been worked, i n t e r m i t t e n t l y 
dur ing the past two hundred, years . There are also innumerable uneconomic 
m i n e r a l i z e d s t ructures and. areas of haematite staining which help to 
define the region of i r o n metal logenesis . F igure 2 shows the d i s t r i bu t i on 
of these veins and. indicates the infer red , boundaries of the province . The 
southern boundary, despite a paucity of veins i n the Dunnerdale area, is 
fixed, by the Ordov ic i an -S i lu r i an unconfo rmi ty . The deep trough of 
S i lur ian sediments to the south is conspicuous by i t s lack of haematizat ion 
and. v i r t u a l l y isolates the m a i n area of m i n e r a l i z a t i o n f r o m the M i l l o m -
Furness orefield. f u r t h e r south. Continuity w i t h the nor th is maintained, 
only i n the extreme west along a na r row coastal c o r r i d o r through Black 
Combe. Even so there i s a f ive m i l e section of untested, ground, between 
the Kinmont orebody i n the Eskdale Granite and. the Ki rksan ton orebody 
in Lower Carboniferous l imestones , near Whi tcham. Tec tonica l ly the 
M i l l o m - F u r n e s s oref ie ld . and. adjacent deposits occupy a s t ruc tura l"h igh" 
south of the t rough but i t i s not known whether the province continues 
beneath the in te rvening t r a c t . The nor the rn boundary is better defined, 
and. runs ESE f r o m M o c k e r k i n through Loweswater and. T h i r l m e r e to 
Bro the r s Water . 
Since ore shoots are best developed along open channelways the 
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p robab i l i ty of ore shoot f o r m a t i o n is greatest f o r veins i n competent s t rata . 
This f ac to r probably explains why there is a re la t ive abundance of 
productive veins i n the competent Eskdale granite and. Loweswater Flags, 
and. a wide-spread, development of unproductive haematized. faul t s i n the 
less competent Borrowdale Volcanic Series and. Skid daw Slate Series. 
Ve in or ienta t ion analysis , using weighted s t r ike length means, reveals 
o o o 
three prefer red , d i rec t ions at 00 , 312 and. 335 . The second, set r e f e r s 
to veins i n the Skiddaw slates at Kel ton F e l l wh i l s t the f i r s t and. third, sets 
r e f e r to veins i n the Eskdale-Ennerdale complex and. adjacent volcanics . 
A l l min ing has now ceased, the las t mine to close being the Kel ton 
F e l l Mine i n 1917. A complete l i s t of known veins together w i t h grid, 
references and. geological detai ls are given i n Appendix I I . Fo r most 
mines ve ry l i t t l e i n f o r m a t i o n is available and the special Survey m e m o i r 
(Smith 1924) provides a unique col la t ion of such data. Samples were 
collected, f r o m each of the recorded loca l i t i es but only m a t e r i a l f r o m vein 
complexes i n the Eskdale Va l l ey and. Kel ton F e l l areas proved, geochemical ly 
suitable. 
5. 2. Veins i n the Skiddaw Slate Series 
Mineral ized, faul t s i n the Skiddaw Slate Series are character ised by 
d i f fuse zones of haematized. w a l l r o c k on e i ther side of the fau l t plane and. 
do not general ly c a r r y oreshoots. The highly productive ve in complexes 
at Kel ton F e l l and. Knockmur ton F e l l are therefore anomalous and deserve 
c loser considerat ion. 
The veins are developed along a series of NW-SE and. N-S faul ts and. 
f i s su re s where they cross the junct ion of the Loweswater Flags w i t h 
the K i r k s t i l e Slates. Ore shoots are clustered, at this ho r i zon but many 
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extend northwards into the f l ags . The veins hade consistently to the NE 
and thus behave in a s i m i l a r manner to NW-SE p o s t - T r i a s sic faul ts i n 
the adjacent l imestone bel t . 
In 1910-13 a level d r i f t was d r i v e n southwards f r o m the Cockran Ve in 
to Kirk land. where i t intersected, an 18 inch vein near P r i e s t How. Accord ing 
to Smith (1924) the la t t e r ve in trends NNW-SSE in the slates and l ies 
beneath 90 feet of l imestones . I f this account is co r r ec t , i t provides the 
only conclusive evidence f o r a spat ial co r re l a t ion between replacement 
deposits i n the Carboniferous l imestones and. vein deposits i n the Lower 
Palaeozoics. 
The haematite occurs m a i n l y as a p r i m a r y deposit i n open channelways 
and. apart f r o m sl ight haematizat ion of slate f ragments there is l i t t l e sign 
of large scale metasomatic replacement. Typ ica l bo t ryo ida l encrustations 
are f requen t ly encountered, but the hard, blue ore f o r m i n g the bulk of the 
ore shoots is pseudo-massive haematite and contains r e l i c bo t ryo ida l 
tex tures . Gangue mine ra l s are subordinate and. except f o r m i n o r amounts 
of quartz and. calcite the ore is p r a c t i c a l l y pure haemati te . Several veins 
have been worked, to a depth of 500 feet and "cut o f f s " were de termined 
by ve in wid.th and. the inc lus ion of slate r i d e r s . Smaller veins have also 
been tried, at Grassmoor and E e l Crags. 
In the Kink Beck area, 3 m i l e s NE of Egremont , the Skiddaw Slate 
Series are riddled, w i t h haematized. f i s su res and at Thwaites the slates 
are smashed, and haematized. along a N-S belt 1300 feet wide and. over 1 m i l e 
long . 
5 .3 . Veins i n the Eskdale-Ennerdale Int rus ives 
As descr ibed i n chapter 2, the Eskdale granite is extensively 
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mineral ized, and. except f o r areas of pervasive haematizat ion the haematite 
veins are fo rmed along a series of NNW-SSE and N-S faul t s ( i . e . subsets 
o o 
00 and 335 of the vein or ienta t ion analysis) . The Ennerdale granophyre, 
although mine ra l i zed to a lesser degree, shows many of the same 
charac te r i s t i cs but d i f f e r s i n that the mine ra l i za t i on is concentrated, 
around the marg ins of the i n t r u s i v e . F i r m a n (1960) believes that the 
larges t veins occupy reactivated. Caledonian wrench faul t s which underwent 
v e r t i c a l movement p r i o r to m i n e r a l i z a t i o n . The ore occurs as a t yp i ca l 
f i s su re f i l l i n g and. is predominant ly bo t ryo ida l w i t h sma l l e r amounts of 
pseud.o-massive and. speculari te haemati te . As i n the Skiddaw veins, 
gangue mine ra l s are subordinate and. represented, by mino r amounts of 
quartz, calcite and. do lomi te . In general the ore shoots are w e l l def ined ' 
but i n some veins the ore is i n t e rg rown w i t h the granite w a l l r o c k s . 
( i ) Eskdale Granite 
The ma in area of m i n e r a l i z a t i o n is located, in the Eskdale va l ley , 
east of Eskdale Green, where there are a series of s trong veins which 
cross the va l ley a lmost at r i gh t angles. Mining is confined, to the w e l l 
exposed, va l ley slopes and. there is no record, of veins having been 
followed, beneath the R ive r Esk. The most extensive work ings are i n the 
Nab G i l l Mine which worked, a NNW-SSE vein i n the h i l l s ide above Boot. 
Smal ler mines worked, s i m i l a r veins i n the Great B a r r o w , Stanley G i l l , 
B i r k e r Moor , Dalegar th , Blea T a r n , Eskdale Green and. Brant rake areas. 
Beyond, this zone the only other productive veins are at Middle Kinmont 
and. Chapel H i l l . 
( i i ) Ennerdale Granophyre 
The la rges t mine occurs at Crag F e l l and. exploi ted a group of s m a l l 
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N-S, NW-SE and. WNW-ESE veins along the slate/granophyre contact. 
Fur the r east there is the I r o n Crag Mine , a short lived, venture which 
is known to have yielded. 400 tons i n 1882. The m a j o r i t y of veins however 
are not found w i t h i n the in t rus ive but along numerous pe r iphe ra l .faults which 
dislocate the contact. T r i a l s have been made at the fo l lowing loca l i t i e s : 
Red. G i l l , Sourmi lk G i l l , Clews G i l l and. Scale Force . 
5 .4 . Veins i n the Borrowdale Volcanic Series 
Economica l ly these have never been impor tan t but the i r d i s t r i b u t i o n 
is usefu l in def in ing the extent and. nature of the Cumbr ian Haematite 
Province. Smal l mines were developed on veins i n the Dunnerdale, Green 
Hole, Tongue G i l l , Red T a r n and. Stainton Ground areas. 
5.5. Conclusions 
Haemat i te orebodies east of the l imestone belt occur as w ide ly 
scattered, ve in deposits i n the Lower Palaeozoics. The veins are 
p r e f e r e n t i a l l y developed along reactivated. Caledonian faul ts t rending 
0 0 ° , 3 1 2 ° and. 3 3 5 ° . Mine ra l i za t i on is greatest i n the Eskdale granite but 
economical ly the vein complex i n the Skiddaw Slates Series at Kel ton F e l l 
records the highest output. 
The ores consist ma in ly of pseudo-massive haematite except i n 
':he granite where there is a higher p ropor t i on of botryoid.al o re . Region-
a l l y the orebodies show many s t r u c t u r a l and. mine ra log ica l s i m i l a r i t i e s 
and are a lmost monomine ra l i c . These features suggest the o re f lu ids were 
saturated, only w i t h respect to haematite and. were probably de r ived f r o m 
a common source. 
6. STRUCTURAL RELATIONSHIP B E T W E E N 
BASEMENT AND M I N E R A L I Z A T I O N 
6.1 . Regional Evidence 
A general compar ison between the d i s t r i bu t i on of haematite 
m ine ra l i z a t i on and the Bouguer g rav i ty field, f o r the Lake D i s t r i c t reveals 
a marked s i m i l a r i t y i n patterns (F ig . 2). The lat ter ,appears as a huge 
negative anomaly enclosing almost the ent i re region and compr i s ing a 
series of interconnected, " lows" coincident w i t h the known Devonian 
in t rus ives . The larges t of these " lows" is associated, w i t h the Eskdale-
Ennerdale complex and. has a m i n i m a of - 6 . 77 mgals . In outline the 
anomaly is pear-shaped, having a centre over the exposed. Eskdale 
granite and. an elongation eastwards towards the Shap grani te . The 
Ennerdale granophyre is completely contained, w i t h i n the Eskdale 
centre and. has no subsidiary "lew of i t s own which suggests that i t is 
an in t eg ra l par t of the in t rus ive complex and. not a l acco l i th ic body 
as descr ibed by Ras ta l l (1906). 
To the west the anomaly is marked, by a steep gradient along the l ine 
of the Bounday Faul t but nor th of Gosfor th the gradient opens out into a 
broad plateau f o r several mi l e s west of the granophyre. In contrast the 
eastern boundaries are less prominent and. show no co r re l a t ion w i t h 
fau l t zones. I f the Eskdale " low" is due to a mass def ic iency i n the 
upper crus t caused by the grani te-granophyre complex, then the shape 
of the anomaly defines the area of concealed "gran i te" i n the basement. 
As shown in F igure 2 the presence of a concealed, "gran i te" ridge 
beneath the Bouguer elongation is in fer red , by the d i s t r i bu t i on of epid.oz-
ation i n the Borrowdale volcanics . (Chap. 2) . 
F r o m these observations i t is evident that the Cumbr ian Haematite 
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Province is under la in by an area of "gran i te" petrogenet ical ly equivalent 
-..o the Eskdale-Ennerdale complex. The i m p l i e d spatial re la t ionship 
between granite and mine ra l i z a t i on is t yp i ca l of other European oref ie lds 
but the associated, lack of haematizat ion i n the coextensive Shap and. Skidd.aw 
in t rus ives suggests that the Eskdale granite has acted, as more than a 
s t r u c t u r a l "h igh" f o r the ascending ore f l u i d s . Although not proven vein 
complexes s i m i l a r to those at the centre of the anomaly may also continue 
eastwards along the crest of the "gran i te" r idge. However since the 
Eskdale veins also straddle the projected, extension of the Hardknott 
shatter bel t (a fundamental l ine of weakness traceable f r o m Langdale to 
Hardknot t ) m i n e r a l i z a t i o n may be confined, to areas where the "gran i te" 
basement is penetrated, by deep fau l t s t ruc tures . 
6. 2. Evidence i n the West Cumberland orefield. 
The apparent influence of the basem.ent on the d i s t r i bu t i on of 
haematite init iated, a detailed, i n t e rp re t a t i on of the Bouguer anomaly 
over the West Cumberland orefield.; the resul ts of which are described, 
i n Appendix I . B r i e f l y the invest igat ion proved, the existence of a 
"gran i te" shelf (Ennerdale Shelf) extending 4-5 mi les west of the granophyre 
beneath a shallow cover of Palaeozoic sediments and bounded by steep 
w e l l def ined marg ins . The nor thwes tern m a r g i n (Coal Faul t L ine) s t r ikes 
N 65°E and. underl ies the exposed section of the oref ield. w h i l s t the south-
waste r n m a r g i n (Egremont L ine) s t r ikes E 4 4 ° S and coincides w i t h the 
area of concealed, mine ra l i za t i on south of B i g r i g g ( F i g . 6). Dur ing the 
Hercynian and. la te r ea r th movements these marg ins probably acted, as 
m a j o r l ines of weakness, a l lowing the granites to move as a single block 
along m a r g i n a l d is locat ions . The intense fau l t ing now seen i n the over-
l y ing sediments is thought to be a d i r ec t consequence of this inherent 
weakness. Perhaps more relevant, the Ennerdale Shelfprovid.es a 
t empora l l i n k between the processes of mine ra l i za t ion and. f au l t ing : 
( i) The or ien ta t ion and. loca l i sa t ion of faul ts can now be related. 
•;o l ines of weakness i n the basement. This is especial ly t rue f o r the 
Coal Faults which do not conform to the general ly accepted Hercynian 
pat tern . 
( i i ) Pe r iod ic readjustment at the edge of the shelf provides a simple 
dynamic model f o r generating several phases of complementary fau l t ing 
i n the over ly ing cover (c. f . the in t e r -Carbon i f e rous , p r e - T r i a s s i c and. . 
pos t -T r i a s s i c f au l t s ) . In each phase the d r i v i n g force may have been 
ei ther orogenic movement or isosta t ic u p l i f t of the Lake D i s t r i c t i n 
response to sedimentary loading i n the adjacent I r i s h Sea Bas in . 
( i i i ) The system of NE-SW faul ts downthrowing to the NW can now 
be explained, by p re -Tr ias s i c movement on the Coal Faul t L i n e . S i m i l a r l y 
p o s t - T r i a s s i c u p l i f t along the Egremont Line w i t h sl ight pivot ing i n the 
Linethwaite in te rsec t ion area would, create a system of NW-SE fau l t s 
downthrowing i n both d i rec t ions (c. f. the pos t -T r i a s s i c faul ts nor th and. 
south of B i g r i g g ) . 
( iv) The development of high l e v e l fau l t zones above l ines of m a j o r 
d is loca t ion i n the basement provides a per fec t network of channelways 
f o r ascending ore f l u i d s . This l a t t e r point was perhaps the most c r i t i c a l 
f ac to r i n de te rmin ing the development of the West Cumberland oref ie ld . and. 
o f f e r s an explanation of fau l t ing and. m i n e r a l i z a t i o n i n an area beyond, the 
exposed Eskdale grani te . I f one also assumes that the m i n e r a l i z i n g f lu ids 
originated, along tec tonica l ly d is turbed zones i n the "gran i te" basement, 
p a r t i c u l a r l y the fau l ted wes te rn m a r g i n of the shelf, then the d i s t r i bu t i on 
of haematite occurrences should r e f l e c t this con t ro l . Several l ines of 
evidence now suggest this assumption to be co r rec t : 
( i) Metasomatic replacements of haematite are confined, to na r row 
zone s immed ia t e ly above the Coal Faul t and. Egremont Lines . 
( i i ) Mine ra l i z a t i on is absent i n the Hen sing ham i n l i e r and. W i l t o n 
ou t l i e r , both of wh ich are located just outside the m a r g i n a l zone of the 
shelf. 
These observations indicate a m i n i m u m degree of l a t e r a l m i g r a t i o n along 
s t ructures at r i gh t angles to the m a r g i n s . Unlike the St. Bees Shale 
hypothesis, the "gran i te" source theory provides a bet ter explanation of 
the known d i s t r i b u t i o n of orebodies especia l ly i n areas under la in by more 
than 100 feet of shale. 
Secondly i n consider ing the chronology of m ine ra l i z a t i on there is no 
reason why there should not have been a m i n o r phase of haematite 
r e m o b i l i s a t i o n along the Coal Faul t Line before the main, period, of post-
T r i a s s i c f au l t i ng . This would account f o r the con t rover s i a l b recc ia t ion 
of orebodies on p r e - T r i a s sic fau l t s i n the F r i z ing ton -Lamplugh area and 
the occurrence of rounded haematite pebbles i n the B r o c k r a m s (Kendall 
1893 and. 1929). 
7. SAMPLING AND A N A L Y T I C A L TECHNIQUES 
7. 1. Sampling 
The main purpose of the sampling programme was to provide 
suitable m a t e r i a l f o r geochemical analysis such that the resu l t ing data 
could, be applied to the fo l lowing p rob lems : 
( i ) The genetic re la t ionship between haematite deposits i n the 
Carboniferous l imestones and those i n the Lower Palaeozoics, ( i . e . 
the concept of a Cumbr ian Metal logenic Province f o r haematite) 
( i i ) The geochemis t ry of the replacement ores . 
( i i i ) The o r i g i n and. nature of the m i n e r a l i z i n g f l u i d s , ( i . e. to 
resolve the "ascensionist vs.descensionist" cont roversy) . 
7 .1 .1 . L imi t a t i ons 
Excluding the Beckermet and. Haile Moor Mines , sampling was 
v i r t u a l l y uncontrolled, and. predetermined, by the ava i l ab i l i t y of samples 
on waste dumps adjacent to abandoned, mine shafts. As a consequence 
sampling was heavi ly biased, to the more productive Carboniferous 
l imestone bel t . This meant that geochemical patterns f o r the replacement 
deposits could, not be confident ly extrapolated, to include wide ly scat tered 
vein deposits i n the Lower Palaeozoics. F u r t h e r m o r e , i t was necessary 
to assume that the samples were representat ive of the o r i g i n a l orebodies. 
This assumption was la te r ver i f ied , by s ta t i s t i ca l tests which showed that 
the samples belonged, to a s m a l l number of homogeneous populations. 
7 . 1 .2 . Detai ls of the Sampling 
Work began i n the Egremont -Clea to r Moor zone and. gradual ly 
extended, outwards to include a l l documented haematite occurrences i n the 
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western and. central Lake Distr ict . Time did. not permit as detailed a 
survey of the Mil lom-Furness district , further south, and. only sufficient 
material was collected to provide a basis for geochemical comparison. 
At each locality samples of the various ore types and. gangue minerals 
were collected, and. their relative abundances noted.. 
Subsequent to the realisation that the greater part of the Cumbrian 
Haematite Province was underlain by "granite" it was decided to test 
the implied, hypothesis of a geochemical association between the basement 
and. the mineralization. Since the Eskdale and. Ennerdale intrusives were 
clearly surface expressions of this basement they were sampled, and. 
analysed accordingly. Of the 16 Eskdale samples, 10 were classified, as 
Pink granite, 2 as Grey granite and 4 as haematized. Pink granite. Four 
of the original 8 Ennerdale samples were later rejected, as atypical of 
the main granophyric phase. 
Appendix II provides a. complete summary of the sampling programme 
(i .e . grid, references, sample numbers, nature of sample, etc. 
7. 2. Analytical Techniques 
In addition to studying the geochemical variation of major and 
minor ore constituents (Fe, Si , Ca , Mg, Mn, Al) , a group of 11 trace 
elements were selected for quantitative analysis (As, Ba , Cu, Ni, Pb, 
Rb, Sr , T i , Y , Zn, Z r ) . It was considered that these would, provide 
more diagnostic information on the nature of the mineralizing fluids because 
of their more definitive geochemical environments. 
X - r a y fluorescence spectrometry was chosen as the principal method, 
of analysis because it provided a rapid, high precision, multi-element 
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method, ideally suited to the project requirements. 
Thermometric examination of the fluid^inclusions in non-opaque gangue 
minerals was carr ied out on a heating-freezing stage attached to a Leitz 
microscope. 
7 .2 .1 . X - r a y Fluorescence Analysis (X. R . F . Analysis) 
The basic theory and techniques of X . R . F . analysis are wel l 
established and need not be reiterated. Of the many texts available those 
by Leibhafsky (1960), Norish and Chappell (1967) and Adler (1966) proved 
particularly instructive. Samples were analysed against physico-chemically 
s imi lar standards on a Phill ips 1212 spectrograph. The instrumental 
conditions used, are listed, in tables 2 and 3. 
7. 2.1.1. Sample Preparation 
Haematite ores were sorted into five main classes: 
(i) Massive ores 
(ii) Botryoidal ores 
(iii) Specular ores 
(iv) Marginal ores - intergrowths of ore and wallrock 
(v) Mixed ores - physical mixtures of the above. 
Duplicate samples of massive and botryoidal ore from each locality were 
washed and. dried to remove particulate surface contamination, and then 
finely ground in a Tema disc m i l l to minimise grain size and mineral 
heterogeneity e r r o r s . F o r trace element work the resultant minus 240 
mesh material was supported directly on mylar f i lm and analysed as a 
powder, whilst for major and minor elements the powders were compressed 
into 1" diameter briquettes. Several drops of mowoil, an inert polyvinyl 
cement, were added to ass is t in binding. The decision to use a twofold 
method, of sample preparation was taken to ensure: 
(i) A maximum degree of compatability between standards 
49a 
T A B L E 2 
I N S T R U M E N T A L CONDITIONS F O R H A E M A T I T E O R E A N A L Y S I S 
Element Counting 
Statistics 
mA KV Crys ta l Counter Collinator 
Si 5 
3 x 10 counts 
16 60 P . E . T . Flow Coarse 
A l 3 x 10 5 32 60 ii I I I I 
Fe 3 x 10 4 4 40 L i F I I I I 
Mg 4 
3 x 10 
40 50 Gypsum I I I I 
Ca io 6 8 1 60 P . E . T . n it 
T i io6 16 60 P . E . T . I I • ii 




60 L i F I I I I 
Ba 40 sees 24 80 L i F Scint, Coarse 
Z r 40 24 80 I I I I 
Y 40 24 80 n I I 
Sr 40 24 80 n n 
Rb 40 24 80 I I I I 
Pb 100 32 60 n I I 
Zn 100 32 60 I I n 
Cu 100 32 60 I I I I 
Ni 100 32 60 . n I I 
As 100 32 60 » " I I 
(W tube) 
T A B L E 3 
INSTRUMENTAL, CONDITIONS F O R S I L I C A T E A N A L Y S I S 
Element Counting 
Statistics 
mA K V Crys ta l Counte r Collimator 
Si 10 counts 16 40 P . E . T . Flow Coarse 
A l io5 "40 50 ii I I n 
Fe io5 8 2 0 L i F I I it 
Mg io 4 4 0 50 Gypsum I I I I 
Ca io5 8 20 L i F I I I I 
Na ! 0 4 40 50 Gypsum I I n 
K 1 0 5 8 4 0 L i F I I n 
T i ! 0 5 8 
(Cr tube) 
4 0 L i F n I I 
Ba 2 0 sees 24 80 L i F Scint. Coarse 
Z r 4 0 24 80 I I n 
Y 4 0 24 80 I I it 
Sr 4 0 24 80 I I fi 
Rb 4 0 24 80 I I " 
Zn 100 32 60 I I ii 
Cu 100 32 60 I I it 
Ni 100 32 60 I I it 
Pb 100 32 60 ' I I I I 
As 4 0 32 60 I I I I 
(W tube) 
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(ii) To avoid redistribution of the trace element spike 
(iii) To reduce attenuation of long wavelength radiation 
by the mylar support. 
Silicate samples were prepared, in a s imi lar manner. 
7 .2 .1 .2 . Analytical Standards 
A lack of suitable ore standards made it necessary to prepare 
a series of art i f ic ia l standards using high-purity f e r r i c oxide: 
Series "A" - a set of F e - S i standards containing varying proportions 
of Fe_0 and SiO (briquettes). 
S e r i e s ' © " - a set of C a - M g - A l - M n standards made by diluting a 
CaCO , MgO, A l 0 , MnO master mix with a 90% 
F e 2 0 3 : 10% S i 0 2 base briquettes). 
Series " C " - a set of trace element standards made by spiking 
spectroscopically pure-Fe^O^ with various compounds: 
(a) subset " C - a " A s , Ba, Cu, Ni, Rb, Sr , T i Zn 
(b) subset " C - b " Y , Z r . 
(c) subset " C - c " Pb 
Because of possible re mobilisation of the spike by mowoil, trace element 
standards were used in the powder form. An absence of major variation 
in the bulk chemistry of the ores greatly facilitated, the preparation of the 
standards since they could be matched by simple Fe^O^ - SiO^ mixtures. 
Silicate standards presented no problem and silicate unknowns were 
analysed, against a series of departmental research standards which 
included, several International Standards (e.g. G . 1, G . 2, G . S. P . 1, e tc . ) 
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7 .2 .1 .3 . Background, Line Interference and. Matrix Effects 
To determine the background beneath the peaks, weighted, means 
were calculated from the background, counts taken on either side of the 
peak position. These were then checked, against the corresponding values 
for F e 2 ^ 3 blanks to examine the e r r o r s introduced, by tube contamination 
and linear interpolation on non-linear backgrounds. Copper, nickel and. 
zinc impurities in the tungsten target were significant at the 3<rlevel 
and appropriate adjustments were made to the working curves (Cu, Ni, Zn). 
Spectral interference from higher order lines was eliminated, by 
using pulse height discrimination in conjunction with the analysing crystal . 
This technique simultaneously reduced, the background, contribution from 
scattered, primary X - r a y s , thus improving the signal-to-noise ratio. 
Energy filtering does not however differentiate lines of equal energy and 
for the overlaps. As i W E b L«x, Y K«/R.b K p and Z r K<x/Sr 
it was necessary to measure the interference directly on single element 
standards. 
In a haematite matrix 28% Pb appears as As K«r, 7% Sr appears as 
Z r K«*and 17% Rb appears as Y K*. F o r the lighter silicate matrix the 
interference are slightly higher and. 37% Pb appeas as As K«*, and. approx-
imately 15-20% of Sr and. Rb appear as Z r K*and. Y Kwespectively. 
Deviations from the linear relationship between concentration and. 
fluorescence intensity d.ue to matrix effects were minimised, by choosing 
standards physiochemically s imilar to the unknowns. This ensured, a 
constant mass absorption coefficient and. avoided, the need for a heavy 
absorber or internal standard. Recalculation of the analyses using a 
matrix correction computer programme resulted, in over-compensation 
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i'or total iron; values frequently exceeding the stoichio-metri c composition 
for haematite. In view of this descrepancy, subsequent data evaluation methods 
used only the uncorrected analyses. 
7 .2 .1 .4 . Analytical Sensitivity and Precis ion. 
X R F spectrometry is subject to several different sources of e r r o r , 
the most important of which are: 
(i) Power supply drift 
(ii) Goniometer drift 
(iii) Sample Preparation 
(iv) Mass absorption effects 
(v) Counting statistics 
The f irs t two are functions of machine instability and were monitored by 
running standards before and after each batch of unknowns. E r r o r s 
attributed to sample preparation and. matrix effects were dealt with as 
described above. Compared to conventional chemical methods, the fifth 
source of error is unique to X R F analysis since it involves the counting 
of discrete quanta. Variations in N, the number of X - r a y photons detected 
in a given time, are described by a Poisson distribution. F o r values of 
N>50, this approximates to a Normal distribution for which the standard 
deviation5"= . Thus the probability of the true mean N lying between 
certain limits can be defined in terms of the standard deviation. 
In accordance with established, procedures an element was considered 
present if the peak counts were greater than three times the square root 
of the background counts beneath the peak ( i .e . N P K >3«J N Bgd). 
By adopting a 36" significance level the following minimum detection limits were 
calculated: 
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As 8ppm, Bi 15 ppm, Ba 15ppm, Cd. lOppm, Cu lOppm, Mn 17 ppm, 
Ni 8 ppm, Pb 8ppm, Rb 4ppm, Sr 8ppm, T i 8 ppm, Y 4ppm, 
Zn 4ppm, Z r 6 ppm. 
An estimate of the precision is given by the correlation coefficients 
for the best fit linear regression lines for the standard, working curves: 
As 0.998, Ba 0.996, Cu 0.998, Mn 0. 995, Ni 0.996, 
Pb 0.997, Rb 0.997, Sr 0.998, T i 0. 996, Y 0. 998, 
Zn 0.998, Z r 0.998. 
7. 2. 2. Thermometric Analysis of Fluid. Inclusions 
i 
Fluid, inclusions were used, to determine the temperature and. 
salinity of fluid responsible for the deposition of the gangue minerals 
associated, with the ores. The temperatures were estimated, by determining 
'che filling temperatures of two phase liquid-vapour inclusions on a heating 
stage ( i .e . the disappearance of the vapour bubble during heating) 
Salinites, expressed, as wt. % equivalent NaCl , were estimated by measuring 
the depression of freezing point for the inclusion liquids on a freezing 
stage ( i .e . the temperature at which the last ice crystal melts). The 
equipment used, was designed and. built by Sawkins in 1965, and. fitted onto 
a Lei tz microscope. F o r details of the theory, assumptions and. history 
of fluid inclusion analysis the reader is referred to Ingerson (1947), 
Smith (1953), Sorby (1858), Roedder (1962, 1971) and. Yermakov (1965). 
7 . 2 . 2 . 1 . Equipment 
(i) Heating Stage 
The heating stage as shown in figure 9 comprised, a central brass 





5 * ^ 
C 
o 
DO.* J-> 0) 
C Cj 00 W) 
•H It! rH 0) 
CC (0 10 
J ) H C 
, C CD «H Q) 
0) 0) W 













i/) <o I s <o 
o o •a -a c c 
•ri "H 
N K ID 
P 4J H 
U U (X 
to CD 3 
C 3 3 O 
d) O" C7 O 
e o 
O ry o J-, 
CD CX S CO 
CO 3 iH +3 


























sections of asbestos. Samples were placed on a fixed quartz plate to 
ensure thermal insulation. A 6 amp variac transformer controlled the 
heating and temperatures were measured using a chromol-alumel 
thermocouple in contact with the mineral sample. The ejn. f. developed 
at the thermocouple junction was compared to an ice water junction and 
the resulting signal displayed on a multi-range Phillips chart recorder. 
(ii) Freezing stage 
The basic feature of the freezing stage (Figure 10) was a tuffnol cube 
containing an aluminium tube with an hexagonal outer surface and c ircular 
inner surface. Around the outer surface were six thermo-modules which 
when actuated by a D. C . current transferred heat from the aluminium/module 
interface to the opposite interface where it was dissipated by a flow of 
circulated chilled water. Two 4 mm thick quartz plates complete the cell; 
the lower plate being f irmly sealed to the inner surface of the tube. Using 
o 
an acetone xi.Uing as a thermal medium, temperatures as low as -20 C 
could be attained. A s imi lar thermocouple to that in the heating stage was 
used to measure the temperature. 
7 .2 .2 .2 . Sample Preparation 
Samples were mounted in cold setting Araldite resin and given a 
standard metallographic polish. Approximately 2mm thick slices were then 
removed and the sawn surfaces polished to produce double-sided polished 
sections. The thickness of individual samples was determined solely by 
their transparency and for milky quartz or calcite crystals it was sometimes 
necessary to reduce this value to 1 mm to permit optical examination of the 
inclusions. Areas of primary inclusions ( i . e . those formed contemporaneously 












•to DC power 
supply 
1 specimen 6 t u f f n o l cube 
2 acetone f i l l e d chamber 7 lov/er quartz plate 
3 inner aluminium jacket 8 upper quartz plate 
4 thermomodules 9 thermocouple 
5 cool ing water 10 specimen holder 
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7 . 2 . 2 . 3 . Heating Method. 
The selected mineral fragments were loaded into the cell in contact 
with the thermocouple and covered by the upper quartz window. Heating 
o o 
rates were reduced to 1 - 2 C / M i n . on approaching the homogenization 
point to keep thermal gradients in the cel l to a minimum and. to prevent 
• 
thermal lag within the specimen. 
7 . 2 . 2 . 4 . Freezing Method. 
The inclusions were f irs t frozen in a dry ice-acetone mixture 
(- 78. 5 C) and. then quickly transferred to the precooled. acetone filled. 
. o . 
chamber on the stage (- 20 C ) . By controlling the power input to the thermo-
modules the temperature of the chamber was gradually raised, until the 
last ice crystal in the inclusion had melted. The wt. % equivalent NaCl 
corresponding to the observed, depression of freezing point was then 
calculated, from the phase diagram for the system NaCl - H^O (Figure 11). 
7. 2. 2 .5. Discussion 
Calibration of the thermocouple was carried, out at regular intervals 
by observing the melting point of known substances loaded, into short 
lengths ofcapillary tubing. The following organic compounds 
were found, to be suitable: 
o 
Acetoxime 61 C 
o 
S - hydroxyquinoline 73 C 
o 
Sucrose octa acetate 82 C 
m-Nitrophenol 9 5 ° C 
Resourcinol 110 C 
Benzoic acid. 122 C 
Urea 132°C 
OC Benzoinoxime 152 C 
o 
Succinic acid. 186 C ^ 
• + o 
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Most of the inclusions studied, were subspherical or multifaceted. 
in form and. no larger than 150^un in diameter. Homogenization measure-
ments were repeated, twice as a check against possible leakage during the 
surface tension forces gave filling temperatures several degrees below 
e 
those of larger cogentic inclusions. They also exhibited, fluid, hysteris is 
o o 
where on cooling the vapour bubble reappeared. 3 -5 C below the observed. 
.Tilling temperature. 
The heating stage presented, no serious problems but very little 
success was achieved, with the freezing stage. As a result only 5 salinity 
measurements were obtained in the time available. In retrospect, excluding 
thermo-module fai lures, this can now be shown to be due to inclusion 
metastability. Recent studies by the author at the Institute of Geological 
Sciences 197Z-73 using a different technique have demonstrated a pronounced, 
supercooling phenomenon of the inclusions in calcite and. quartz crystals 
from the West Cumberland orefield. (Ice nucleation requires 2 - 3 hours 
at - 170°C). This evidence seriously questions the validity of previous 
salinity data described as being greater than the maximum limit of the 
tuffnol cube equipment. 
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8. S T A T I S T I C A L , T E C H N I Q U E S 
8.1. Introduction 
To help interpret the ore geochemistry various numerical techniques 
were used, to reduce the complex multivariate data to a more manageable 
form. In addition to calculating the standard functions of central tendency 
and. dispersion (arithmetic mean, standard deviation and variance), three 
advanced analytical methods were used: l inear discriminant function analysis 
(Li. D . F . A . ) , trend surface analysis ( T . S . A . ) and factor analysis ( F . A . ) . 
Comprehensive accounts of these techniques can be found, in several recent 
texts (Krumbein and. Graybi l l 1965, Harbaugh and Merriam 1968) and. only 
brief descriptions have been given to illustrate their application to the present 
data. Being parametric techniques the variables are assumed to be normally 
distributed, and. to ensure that this requirement was satisfied, each variable 
was examined to determine the nature of its distribution. However, because 
of mixed, populations it was necessary to supplement the primary visual 
classification of the ores by an objective classification based, on total chemistry. . 
F o r this purpose linear discriminant function analysis was selected, despite 
the limiting "a prior i" assumption of normality. It was considered that 
skewed, distributions would, have less effect in distinguishing diverse ore 
types than in isolating the components of variance in a single ore population. 
Due to sample size restrictions L . D. F . A. , T . S . A . and. F . A . were only 
applied, to ores from the West Cumberland, orefield. 
8.2. L inear Discriminant Function Analysis ( L . D . F . A . ) 
The technique operates by computing a l inear combination of "m" 
variables that most e f f i c i e n t l y separates two groups of samples i n 
" m " dimensional space such that the r a t i o of the between-groups variance 
to the wi th in -groups variance is max imised . 
where x = var iable :- Eq . - 1 
X = constant 
A n estimate of the separation is given by the Mahalonobis Generalised. 
Distance (D ) wh ich is obtained, by substi tuting the d i f fe rence between 
var iable means A X i into the d i sc r iminan t func t ion . 
D n :- Eq . - 2 
The l a r g e r the value the greater the d i s c r i m i n a t i o n . The significance 
2 
of (D ) can be tested as a n o r m a l " F " s ta t i s t ic . 
f o r m , N + N - m - 1 degrees of f r e e d o m . 
F o r the haematite ores, L . D . F . A . was used, to screen the raw sample 
populations f o r a typ ica l ores due to w a l l rock contamination, mixed, ore 
in te rgrowths and surface weather ing. As cer ta in elements were known to 
be l ognorma l ly distr ibuted, the data was f i r s t converted, to the ^ g j Q f ° r m 
as a necessary precaut ion. On entering 33 bo t ryo ida l ores, 211 massive 
ores and 17 chemical v a r i a b l e s into the d i sc r iminan t func t ion , the strongest -
d i s c r i m i n a t i n g var iables were shown to be As 33%, Rb 20%, Ba 12%, T i 8% 
Cu 6%, Pb 5%, Zn 5% and Sr 4%. 
F = fa* N J M K U + N . - ^ - l l . 3>* 
:- Eq . - 3 
( N H * N , ) ( N , f M I - * ) •m 
68 of the massive ores were rejected at the 0. 01 significance leve l 
and 43 at the 0. 05 l eve l . Closer examinat ion revealed that 24 were 
contaminated by sma l l amounts of bo t ro ida l ore or s i l i c i f i ed . w a l l r o c k and. 
were thus i n c o r r e c t l y chosen. The remaining samples were e i ther m i s -
c lass i f ied because of extreme trace element values or were genuinely 
below the adopted significance leve l ( i . e . a type I I s ta t i s t i ca l e r r o r ) . For 
the o r i g i n a l 33 bo t ryo ida l ores, 7 were re jected at the 0. 01 and. 0. 05 
levels of s ignif icance, of which 4 were misclass i f ied . because of ve ry low 
2 
Pb and. Ba values. The corresponding D and. F (17,226) values were 33 
and. 518 respect ive ly ( i . e. h ighly s igni f icant at the 0. 001 l eve l F (15,120) = 
3.36). The computer p rogramme used was the I . B . M . F o r t r a n IV 
D i s c r i m i n a n t Funct ion programme which included, a usefu l pr in tout of the 
probabi l i t i es associated, w i t h the la rges t d i s c r iminan t func t ion . This 
permi t ted the most suitable samples f r o m each loca l i ty to be chosen f o r 
f u r t h e r study. 
To summar i se , L . D . F . A . provided a quantitative method, f o r 
screening several hundred, massive and. bo t ryo ida l ores f r o m the West 
Cumberland, o r e f i e l d . Samples accepted, at the 0. 01 significance l eve l 
were considered, to have population ident i ty probabi l i t i es >99% and. formed, 
a pool of re l iab le samples f o r f u r t h e r s ta t i s t ica l tests . 
8 .3. Frequency D i s t r i b u t i o n Analys i s (F . D . A . ) 
96 of the screened West Cumberland, massive ores (one f r o m each 
loca l i t y ) were then examined, to determine the d i s t r ibu t ion charac ter i s t ics 
of the geochemical var iab les . A f t e r r e j ec t ing samples below the detection 
l i m i t , h i s tograms were constructed using both n o r m a l and. l°g^Q data. As 
expected the n o r m a l data showed, a predominance of pos i t ive ly skewed, 
d i s t r i bu t ions which became approx imate ly l ognorma l a f t e r applying a log 
t r a n s f o r m . Notable exceptions were Fe, Rb, Sr and Ca which remained. ske\?e 
"heplots also revealed a number of discrete subpopulations indicat ing subtle 
var ia t ions w i t h i n a single population. By comparison, resul ts f o r the 
bo t ryo ida l ores were poor because of an insu f f i c i en t number of samples 
and the corresponding h is tograms have therefore been omi t ted . A f u l l 
descr ip t ion and. geological in t e rp re ta t ion of the F . D. A . resul ts is given 
in chapter 9. 
8. 4. Trend. Surface Analys i s (T . S. A . ) 
In an attempt to i den t i fy the m a j o r channelways of the m i n e r a l i z i n g 
f lu ids i n the West Cumberland, orefield. trend, surface analysis was used, to 
d i f fe ren t ia te between loca l and. regional var ia t ions i n ore geochemist ry . 
T . S. A . is an e m p i r i c a l technique f o r i so la t ing the components of va r i a t ion 
in numer i ca l map data by computing a least squares regress ion surface, 
( i . e . an extension of 2- d imensional l inear regress ion analysis into 
3-dimensional space). The to ta l va r i a t i on is considered to comprise three 
i 
smal l e r components of va ry ing magnitude: 
( i ) A regional component which extends over most of the area 
and. r e f l ec t s a m a j o r geological process. 
( i i ) A loca l component which consists of deviations f r o m the 
regional due to processes i n res t r ic ted, areas. 
( i i i ) A noise component which includes data e r r o r and. v e r y 
localised, geological f ac to r s . 
The regress ion surface or " t rend surface" is computed, by f i t t i n g a 
po lynomia l regress ion equation to the observed, data of the type: 
Z = bQ-t- b(X b^ Y + h,X* + t |XY -t- b 5 Y a — - b j " 1 
Where Z = var iab le ; X and Y = grid, co-ordinates b = coeff ic ients of X and Y 
;- E q . - 4 
Polynomials are used, because they approximate to a wide va r ie ty of other 
smooth continuous funct ions . The precise f o r m of the surface is that f o r 
which the sum of squares of the d i f ferences between the observed, and. 
calculated, values is a m i n i m u m . Thus the trend, surface contains the 
regional component w h i l s t the residuals 'include .the second and. third, 
components of v a r i a t i o n . Where residuals are autocorrelated. ( i . e . c lusters of 
-T- and. - values) the second, component i s considered dominant but where 
adjacent values are unrela ted the deviations are attributed, to noise and 
extreme loca l v a r i a t i o n . 
By in t roducing higher order po lynomia l t e rms into Eq . - 4 a series 
o£ p rogress ive ly more complex surfaces can be generated. These are 
general ly named, according to the highest po lynomia l t e r m entered, into 
the regress ion . 
L inea r Quadratic Cubic 
Component Component Componenl 
L inea r Surface contains the t e r m s (X, Y) 
Quadratic (X, Y) + ( X 2 , XY, Y 2 ) 
Cubic " ' ( X , Y) + ( X 2 XY, Y 2 ) +(X 3, X 2 Y , an 
X Y 2 , Y 3 ) 
(Also r e f e r r e d to as the 1st, 2nd. and 3rd. o rder surfaces) 
7"ie to ta l v a r i a t i o n (V) i s defined as: 
V = y~(Zobs. - Zmean) 2 : Eq . - 5 
the unexplained, res idua l va r i a t i on (R) as: 
R = y~~(Zobs. - Zcalc . )2 : Eq . - 6 
and. the v a r i a t i o n explained by the surface (E) as: 
= V - R = (Zobs. - Zmean) 2 - ^~(Zobs . - Z c a l c . ) 2 : E q . E 
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The p rogramme used, was the F o r t r a n I V programme of the Kansas Geological 
Survey (O 'Lea ry et a l . 1966) which pe rmi t s the computation and. plot t ing of 
t rend surfaces containing up to the s ix th order polynomial t e r m . A 
f a i l u r e of the programme however is the method by which the significance 
of the explained, va r i a t i on is tested. (Chayes 1970). 
Coeff ic ien t of Cor re l a t ion 
This equation only succeeds in tes t ing the cumulative va r i a t ion (E) f o r a l l 
t e r m s and. m e r e l y shows that the reduct ion i n res idual va r i a t i on obtained, 
by the l i nea r surface i s not e l imina ted by the inc lus ion of higher t e r m s . 
Chayes (1970) shows that f o r a surface to be considered, s ignif icant 
the va r i a t i on associated, w i t h the t e rms of order (K + 1) must be tested. 
against the res idual va r i a t i on at order (K + 1). Thus f o r a cubic surface, 
. 3 2 2 3. 
only the t e rms (X , X Y, XY , Y ) should, be tested, against the res idual 
and. not the combined, l i nea r /quad ra t i c / cub ic t e r m s . By jud ic ious ly using 
an " F " test i t can then be decided, whether the average va r i a t i on per t e r m 
of o rder (K + 1) is greater than that associated, w i t h each degree of 
f r eedom of noise. "The Occam Razor Rule" . On applying this test to 
West Cumberland, ores i t was shown that the elaborate high ord.er surfaces 
produced by the Kansas programme (up to 40% E) were s imply mathemat ica l 
der iva t ives of no s ta t i s t i ca l s igni f icance . The f a i l u r e of the ores to respond. 
to T . S. A . , w i t h the exception of a s m a l l number of l inea r surfaces, can be 
attributed, to two main causes: 
(i) Presence of strong loca l and. noise components i n the data super-
imposed, on a gently inclined, regional surface. 
( i i ) Poor d i s t r i b u t i o n of data points due to c lus te r ing and. elongation 
of the test area. 
(D 
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The f i r s t is an invar iab le funct ion of the data, f o r which there is no 
solution, whi le the second produces d i s t o r t i o n of the t r end surface . 
Doveton and Pars ley (1970) have recent ly shown that allowances f o r this 
d i s t o r t i on can sometimes be made using geometr ica l models to simulate 
the p rob l em. The i r w o r k c l ea r ly indicates the dangers of i n t e r p r e t i o n 
but was conducted, on "high explanation" surfaces, quite d i f f e r e n t f r o m 
those of the haematite ores . A summary of the T . S. A . w o r k is included 
in chapter 11. 
8. 5. Factor Analys is (F . A . ) 
Fac tor analysis is a mu l t i va r i a t e technique developed, p r i m a r i l y 
by psychologists fo.r de te rmin ing the number of elements i n a complex 
mu l t i va r i a t e set which describe the whole set ( i . e . a sma l l number of 
l inear combinations " f ac to r s " of " m " var iab les ) . Detailed, descr ipt ions 
of this method, and. i t s geological appl ica t ion are given by K r u m b e i n and 
G r a y b i l l (1965) and. M i l l e r and. Cain (1962). The programme used, was the 
Un ive r s i t y of Durham "R - mode" fac to r analysis programme w r i t t e n by 
Reeves (1970) wh ich examines the re la t ionship between var iab les . I t 
adopts the p r i n c i p a l components technique f o r f i t t i n g orthogonal f ac to r 
axes followed, by the i r ro ta t ion , f i r * , or thoganal ly " V a r i m a x solu t ion" 
and. then obl iquely "Promax solu t ion" . These rotat ions p rogress ive ly 
improve the best f i t posit ions of the f ac to r axes i n " m " vector space w i t h 
those of the o r i g i n a l var iab les . Theore t i ca l ly the number of f ac to r s 
extracted, depends upon the number of non-zero eigen values i n the co r re l a t ion 
m a t r i x . However because of sampling and. ana ly t ica l e r r o r s the zeros are 
never quite zero and i n the present study fac tors accounting f o r less than 3% 
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of the to ta l va r i a t i on were excluded. Chapter 12 presents a f u l l 
desc r ip t ion and in te rp re ta t ion of the F . A . resul ts f o r the West Cumberland 
massive ores. 
9. ORE GEOCHEMISTRY 
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• • 1. In t roduct ion 
• This chapter r e f e r s ma in ly to the geochemical data f o r samples 
i ' :om the West Cumberland o r e f i e l d because they are considered, to be: 
( i ) More spat ia l ly representat ive of the mine ra l i za t i on . 
( i i ) Suf f ic ien t ly numerous to a l low significance tests to be c a r r i e d 
out on the derived, s ta t i s t ics . 
Using only screened m a t e r i a l the West Cumberland o r e f i e l d is established 
.5 the type area f o r mine ra l i za t i on , and comparisons made w i t h ores f r o m 
other environments i n the province . Special considerat ion is g iven to the 
geochemical s i m i l a r i t y between t race element assemblages i n the Eskdale-
Ennerdale complex and. those i n the c ross -cu t t ing haematite veins . Sub-
populations i n element f requency d i s t r ibu t ions are attributed, to var ia t ions 
in w a l l r ock chemis t ry and w a l l rock - ore f l u i d in terac t ions . 
A less r igorous in te rp re ta t ion is possible f o r ores f r o m the Lower 
Palaeozoic ve in deposits because there are too few re l iable samples to 
p e r m i t a thorough s ta t i s t i ca l analysis . F u r t h e r m o r e only the bo t ryo ida l 
ores can be used, since the massive ores , especial ly those f r o m veins i n 
the Skiddaw Slate Series, contain pseudo-massive haemati te , a product 
resu l t ing f r o m the s i l i c i f i cation and re c ry s t a l l i z a t i on of bo t ryo ida l ore . 
The process of morpho log ica l convergence is also accompanied by a loss 
of t race elements p a r t i c u l a r l y A s , Cu, N i , Pb and. Z n . For tunate ly pseudo-
massive ores are not known to be associated w i t h metasomatic replacement 
orebodies and. thus do not invalidate the fo l lowing conclusions. 
9. 2. Replacement Ores f r o m the West Cumberland O r e f i e l d 
The occurrence of discre te sub-populations i n severa l element 
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:-.?.quency d i s t r i bu t i on graphs indicates that the parent populations are 
.:ot e n t i r e l y homogeneous. Recognition of these subgroups is impor tan t 
because they influence the values of co r r e l a t i on coeff ic ients and provide 
..vclditional i n f o r m a t i o n on the genesis of the ores . S i m p l i f i e d diagonal 
-Orre la t ion ma t r i ces f o r the massive and. bo t ryo ida l ores are given i n 
f i g u r e s 12 and 13. 
(N. B . Because i t was necessary to r e j ec t values below the 3 <s~ detection 
":i.iviits the to ta l number of samples i n each h i s tog ram var ies s l i gh t ly ) . 
In i n t e rp re t i ng the ore chemis t ry one must also consider the d i r ec t and. 
i n d i r e c t influence of the w a l l r o c k s . Massive ores represent ing the end. 
product of replacement should, contain a strong res idual component of the 
w a l l r ock chemis t ry whereas bo t ryo ida l ores should, provide a closer 
approximat ion of the p r i m a r y ore f l u i d composi t ion. This ideal is r a r e l y 
achieved however because of m a t e r i a l enter ing into solut ion at the site of 
deposi t ion and continual ly mod i fy in g the f l u i d s . Bo t ryo ida l ores contain 
the re fo re a sma l l but addi t ional component of the w a l l rock chemis t ry . 
( i) I r o n and. S i l icon ( F i g . 14) 
Di f fe rences between the mean i r o n and. s i l i ca contents f o r the 
two ores are r ead i ly explained, by the presence of quartz in tergrowths 
and quartz f i l l e d vugs i n the massive ore and. the i r absence i n the bo t ryo ida l 
o re . The weakly developed b imoda l i ty f o r Fe i n the massive ores and the 
suspected polymodal i r r e g u l a r i t i e s f o r Si before smoothing are thought to 
r e f l e c t subtle d i f fe rences i n the physicochemical nature of the o r i g i n a l 
w a l l r o c k s or sma l l changes i n the mechanism of metasomat i sm. Average 
analyses f o r quarried, l imestones i n the West Cumberland. area(Daysh 1951) 
indicate that su f f i c ien t s i l i ca i s available f r o m w i t h i n the system without 
F I G . 12. S I M P L I F I E D DIAGONAL CORRELATION 
M A T R I X FOR THE MASSIVE ORES. 
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FIG. 13 S I M P L I F I E D DIAGONAL CORRELATION M A T R I X 
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log (Fe) 
freq. 
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• . f qu i r ing a m a j o r cont r ibu t ion f r o m the p r i m a r y ore f l u i d s . . The strong 
" . i gative covariance Fe : Si ( -0 .847) is considered, to have no geochemical 
i i ^n i f ioance and. is believed, to be an a r t i f i c i a l feature generated by the 
' " . iu i l t - in" i n t e r lock of the closed, system (Chayes 1960). 
A l u m i n i u m , Ca l c ium and Magnesium (Figs . 15 and 16) 
A . Massive ores 
In agreement w i t h t he i r proposed mode of f o r m a t i o n the massive 
ores display a greater range and. concentrat ion of A l , Ca and Mg than the 
dissociated, bo t ryo ida l ores . They also show strong posi t ive corre la t ions 
f o r the pa i r s Ca ; A l (+0.469) and Ca : Mg (+0.466) which suggests that the 
assemblage A l , Ca and Mg is best interpreted, as a res idua l component 
of the w a l l r o c k s and. not as a component of the ore f l u i d s . F u r t h e r m o r e 
the b imoda l d i s t r i b u t i o n f o r Ca indicates the replacement of two d is t inc t 
carbonate host rocks whose chemis t ry is characterised, by a d i f fe rence i n 
to t a l ca l c ium content. The lower subgroup is most probably an express ion 
of those l imestones affected, by secondary do lomi t i za t ion which i s developed 
throughout areas of the o r e f i e l d . 
B . Bo t ryo ida l ores 
Ca lc ium and magnesium contents are related, to the abundance of 
calci te veining and m i c r o - l a y e r i n g i n the ores . The C a / M g ra t ios can 
thus be r e f e r r e d to the composi t ion of carbonates deposited i n chemical 
e q u i l i b r i u m w i t h the o r e f l u i d s . The negative covariance Ca : Fe (- 0. 688) 
is probably analogous to the Si : Fe re la t ionship f o r the massive ores . 
( i i i ) N i c k e l , Rubid ium, S t ront ium, Y t t r i u m , Z inc , Z i r c o n i u m (Figs . 16, 17 
and. 18) 
These elements a l l have values v e r y close to the i r respective 
detect ion l i m i t s but by including values between the 2cand 3c- l i m i t s i t 
can be shown that the geometr ic means f o r N i , Y , Zn and Z r are s l igh t ly 
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FIGURE 15 
FREQUENCY DISTRIBUTION PLOT FOR ALUMINIUM 
log (AlxlO ) 
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FREQUENCY DISTRIBUTION PLOT FOR CALCIUM 
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FIGURE 16 
FREQUENCY DISTRIBUTION PLOT FOR MAGNESIUM 
log (MgxlO ) 
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FIGURE 18 
FREQUENCY DISTRIBUTION PLOT FOR ZIRCONIUM 
log (Zr) 
roq. 
log am.= 1.022 
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FREQUENCY DISTRIBUTION PLOT FOR BARIUM 
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.- nove the 3 m i n i m u m . F o r R b and Sr the m e a n s a r e w e l l b e l o w and 
•provide no m e a n i n g f u l e s t i m a t e o f the a v e r a g e o r e . H o w e v e r t h e r e a r e 
-. s u f f i c i e n t n u m b e r of s a m p l e s w i t h h i g h e r R b and Sr va lue s t o p e r m i t a 
l i m i t e d i n t e r p r e t a t i o n o f i n t e r - e l e m e n t c o v a r i a n c e . 
A . M a s s i v e O r e s 
The m o n o m o d a l d i s t r i b u t i o n s f o r N i , Y , Z n and. Z r a r e c o n s i d e r e d 
co be t r a c e e l e m e n t s e x p r e s s i o n s o f the o r i g i n a l w a l l r o c k s and cannot be 
r e l a t e d to any o t h e r f a c t o r . B y c o m p a r i n g h i g h R b and. Sr va lues w i t h t h e i r 
r e s p e c t i v e ca rbona te i n d e x v a l u e s ( i . e . A l , Ca a n d M g ) t w o i m p o r t a n t 
a s s o c i a t i o n s e m e r g e : 
(a) A n a s s o c i a t i o n b e t w e e n h i g h Sr va lue s a n d C a / M g > 2 ; 
a n d l o w va lue s w i t h C a / M g < 1. 
(b) A n a s s o c i a t i o n b e t w e e n h i g h R b va lue s and. C a / M g < 2 > 1 
(p lus h i g h A l v a l u e s ) ; a n d l o w va lue s w i t h C a / M g > 2 
A s s u m i n g a m e t a s o m a t i c r e p l a c e m e n t m o d e l i t i s p o s s i b l e to r e l a t e these 
a s s o c i a t i o n s to t h r e e m a i n ca rbona t e l i t h o l o g i e s : 
U n d o l o m i t i z e d . l i m e s t o n e - C a / M g r a t i o s > 2 , h i g h Sr and l o w R b 
D o l o m i t i z e d l i m e s t o n e - C a / M g r a t i o s < 1, l o w Sr and l o w R b 
A r g i l l a c e o u s l i m e s t o n e - C a / M g r a t i o s < 2 > 1 , h i g h A l and h i g h Rb 
The c o r r e s p o n d i n g t h e o r e t i c a l c o r r e l a t i o n s w i t h A l , Ca a n d M g a r e not 
o b s e r v e d a n d a r e p r o b a b l y m a s k e d b y the s k e w e d d i s t r i b u t i o n s f o r Ca, R b 
a n d Sr . I n r esponse to the nega t ive c o v a r i a n c e b e t w e e n Ca and Fe t h e r e i s 
a c o r r e s p o n d i n g a n t i p a t h e t i c r e l a t i o n s h i p b e t w e e n Sr a n d Fe ( - 0 . 5 5 8 ) . 
B . B o t r y o i d a l O r e s 
The p o s i t i v e c o r r e l a t i o n Ca : Sr (+ 0. 509) i s t hough t t o r e p r e s e n t 
the p r e s e n c e o f s m a l l a m o u n t s o f c a l c i t e d e p o s i t e d i n c h e m i c a l e q u i l i b r i u m 
w i t h the o r e s and una f fec ted , b y p o s t - d e p o s i t i o n a l r e c r y s t a l l i z a t i o n , 
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( i v ) B a r i u m , T i t a n i u m ( F i g s . 18 and 19) 
A . M a s s i v e O r e s 
A f o u r f o l d e n r i c h m e n t o f T i i n the m a s s i v e o r e s c o m p a r e d t o the 
oogenet ic b o t r y o i d a l o r e s , t o g e t h e r w i t h the c o v a r i a n c e B a : T i (+0. 500) 
sugges ts tha t b o t h Ba a n d T i p r o v i d e a m e a s u r e o f the o r i g i n a l c l a y conten t 
:rJ the ca rbona te w a l l r o c k . S i m p l e c o r r e l a t i o n , c o e f f i c i e n t s do not h o w e v e r 
i-id.ica.te the i n v o l v e m e n t o f b o t h e l e m e n t s i n the p r o c e s s o f i n t r a s t r a t a l 
. ' i .uid m i x i n g as revea led , b y f a c t o r a n a l y s i s and s p a t i a l d i s t r i b u t i o n s t u d i e s . 
lz is o n l y b y u s i n g these s p e c i a l t e chn iques tha t one i s ab le to e x p l a i n the 
b i m o d a l d i s t r i b u t i o n s f o r Ba and. T i . A s shown l a t e r the u p p e r Ba sub-
j o p u l a t i o n i s r e l a t e d t o the m i x i n g o f the o r e f l u i d s w i t h i n t r a s t a t a l f l u i d s . 
B . B o t r y o i d a l O r e s 
No obv ious e x p l a n a t i o n can be g i v e n f o r the c o r r e l a t i o n Ba : Z r (+0. 517) 
bu t s ince i t a l s o o c c u r s i n o r e s f r o m E s k d a l e grani te : ' . i t i s a s s u m e d t o be a 
m i n o r componen t o f the o r e f l u i d s . L o w T i va lue s c o n f i r m the m e c h a n i s m 
p r o p o s e d f o r T i v a r i a t i o n i n the m a s s i v e o r e s . 
(v ) Manganese ( F i g . 19) 
A . M a s s i v e O r e s 
Manganese v a r i a t i o n i s c l o s e l y r e l a t e d t o the v a r i a t i o n i n t o t a l Ca 
a n d C a / M g of the o r e ( M n : Ca (+ 0. 777JL The l o w e s t va lue s a r e a s s o c i a t e d 
w i t h o r e s h a v i n g a C a / M g < l w h i c h a g r e e s w i t h the o b s e r v e d r e m o b i l i s a t i o n 
o f M n d u r i n g d o l o m i t a t i o n . C o n v e r s e l y the h i g h e s t v a l u e s a re r e c o r d e d f o r 
s a m p l e s h a v i n g a h i g h Ca con ten t and. C a / M g > 1. Manganese a l s o shows a 
c o r r e l a t i o n w i t h A l ( M n : A l (+ 0 . 4 5 3 ) ) . B o t h r e l a t i o n s h i p s i m p l y t ha t M n 
i s a r e s i d u a l componen t o f the ca rbona t e w a l l r o c k s . 
B . B o t r y o i d a l O r e s 
The p o s s i b i l i t y o f the o r e f l u i d s h a v i n g c a r r i e d a p r i m a r y M n 
FIGURE 19 
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c o m p o n e n t cannot be d i s r e g a r d e d , s ince b o t r y o i d a l h a e m a t i t e con ta in s 
• i \ l e a s t s e v e r a l h u n d r e d p p m M n , i r r e s p e c t i v e o f i t s g e o l o g i c a l e n v i r o n m e n t . 
H o w e v e r the p o s i t i v e c o v a r i a n c e b e t w e e n Ca a n d M n (+ 0. 690) suggests tha t 
\Ln c o n c e n t r a t i o n s a r e d e t e r m i n e d by the a m o u n t o f i n c l u d e d ca rbona te 
gangue and tha t the nega t ive c o r r e l a t i o n Fe : M n ( - 0. 592) i s a f u n c t i o n of 
the a n t i p a t h e t i c r e l a t i o n s h i p b e t w e e n Ca a n d Fe ( - 0. 688 ) . U n f o r t u n a t e l y 
t h e r e i s no w a y of c a l c u l a t i n g the c o n t r i b u t i o n f r o m each s o u r c e . 
( v i ) A r s e n i c . C o p p e r , L e a d ( F i g s . 20 and 21) 
Of a l l the t r a c e e l e m e n t s a r s e n i c i s the m o s t d i s t i n c t i v e . I t i s 
sever-al t i m e s m o r e abundant t h a n any o t h e r e l e m e n t a n d i n the b o t r y o i d a l 
o r e s i t s m e a n va lue f a r exceeds the m a x i m u m r e c o r d e d c o n c e n t r a t i o n i n 
s e d e m e n t a r y i r o n o r e s w i t h the e x c e p t i o n of o o l i t i c o r e s f r o m the K e r c h 
B a s i n , R u s s i a . ( J ames 1966) 
A . M a s s i v e O r e s 
A n a l y s e s o f u n m i n e r a l i z e d l i m e s t o n e i n the W e s t C u m b e r l a n d a r e a 
( A p p e n d i x I I ) i n d i c a t e t ha t a r s e n i c c o n c e n t r a t i o n s a r e w e l l b e l o w the 
d e t e c t i o n l i m i t w h i c h sugges ts t h a t the w a l l r o c k s a r e no t the o r i g i n a l sou rce 
( c . f . A r s e n i c c r u s t a l abundance 2 p p m . M a s o n 1958, p . 4 4 ) . 
I t a l s o means tha t A s v a r i a t i o n i n the l i m e s t o n e s does not a c c o u n t f o r the 
o b s e r v e d b i m o d a l d i s t r i b u t i o n i n the o r e s . A r s e n i c i s t h e r e f o r e bes t 
d e s c r i b e d as a d i a g n o s t i c c o m p o n e n t o f the p r i m a r y o r e f l u i d s . 
F o r r e a s o n s d e s c r i b e d l a t e r C u i s g r o u p e d g e o c h e m i c a l l y w i t h A s . 
L e a d v a l u e s a r e c o n s i s t e n t l y l o w and. f o u r t i m e s l o w e r t h a n i n the 
b o t r y o i d a l o r e s . 
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B o t r y o i d a l O r e s 
The h i g h l e a d conten t o f .the b o t r y o i d a l o r e s cannot be expla ined, 
b y s e l e c t i v e a d s o r p t i o n on to h y d r a t e d f e r r i c ox ide spec ies because 
t h e r e a r e no c o m p a r a b l e c o n c e n t r a t i o n s of o t h e r a v a i l a b l e m e t a l s ( e . g . Cu , 
N i , T i , Z n ) . The lead, con ten t m u s t t h e r e f o r e be r e l a t e d t o the i n i t i a l 
l e a d c o n c e n t r a t i o n i n the o r e f l u i d s . I n w h i c h case the r e l a t i v e d e p l e t i o n 
i n the m a s s i v e o r e s m u s t be due t o some m e c h a n i s m i n h i b i t i n g the uptake 
of lead.. A s i m i l a r c o n t r o l m a y acccoun t f o r the p r o n o u n c e d e n r i c h m e n t 
of a r s e n i c i n the b o t r y o i d a l o r e s . 
9. 3. C o m p a r i s o n w i t h o r e s f r o m the Skiddaw Slate S e r i e s (Tab l e 4) 
B o t r y o i d a l o r e s f r o m the K e l t o n F e l l c o m p l e x c o n t a i n h i g h e r 
c o n c e n t r a t i o n s o f A s ( a . m . 8 3 0 p p m ) , M n ( a . m . 1300 p p m ) , N i ( a . m . 35 p p m ) 
and. Z n ( a . m . 12 p p m ) than the a d j a c e n t r e p l a c e m e n t o r e s . T o a t t r i b u t e 
t h i s d i f f e r e n c e t o a change i n p r i m a r y o r e f l u i d s i s i n c o n s i s t e n t w i t h the 
a l m o s t u n i f o r m c o m p o s i t i o n shown a l o n g the e n t i r e l i m e s t o n e b e l t . 
A l t e r n a t i v e l y one m a y i n v o k e a p r o c e s s o f l oca l i s ed , c h e m i c a l i n t e r a c t i o n 
b e t w e e n the o r e f l u i d s and the w a l l r o c k s . I n t h i s w a y s l i g h t e n r i c h m e n t s 
of M n , N i a n d Z n i n the s l a t e s would , a ccoun t f o r these d i f f e r e n c e s . 
U n f o r t u n a t e l y t h i s concept does no t a p p l y t o a r s e n i c a n d i t m a y be n e c e s s a r y 
to env i sage a m e c h a n i s m w h i c h i s c o n t r o l l e d b y a p a r t i t i o n f u n c t i o n ( i . e. 
the va lue o f t h i s f u n c t i o n d e t e r m i n i n g the p a r t i t i o n i n g o f a r s e n i c be tween 
the o r e f l u i d , and the p r e c i p i t a t i n g h a e m a t i t e ) . I n a l l o t h e r r e s p e c t s the o r e s 
a r e i d e n t i c a l t o those o f the t y p e . a r e a . • 
9 . 4 . C o m p a r i s o n w i t h o r e s f r o m the E s k d a l e g r a n i t e (Tab l e 4) 
B o t r y o i d a l o r e s f r o m v e i n s i n the E s k d a l e v a l l e y c o n t a i n the h i g h e s t 
r e c o r d e d , t r a c e e l e m e n t c o n c e n t r a t i o n s : A s ( a . m . 1800 p p m ) , N i ( a . m . 20 p p m 
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Pb ( a . m . 450 p p m ) , Y ( a . m . Z0 p p m ) a n d Z n ( a . m . 105 p p m ) . 
Manganese va lues a r e c o r r e s p o n d i n g l y h i g h a n d v a r y s y m p a t h e t i c a l l y 
w i t h the Ca conten t o f the o r e sugges t i ng ca rbona t e c o n t a m i n a t i o n e i t h e r 
as m a n g a n o a n c a l c i t e o r p y r o l u s i t e - v e i n e d c a l c i t e . O t h e r w i s e the 
ana ly se s a r e s i m i l a r to those o f the type a r e a . 
9. 5. C o m p a r i s o n w i t h o r e s f r o m the BmV. S, (Tab le 4) 
A l t h o u g h a s i ng l e s p e c i m e n of b o t r y o i d a l o r e f r o m the Tongue G i l l 
v e i n does no t w a r r a n t s e r i o u s d i s c u s s i o n , the a t y p i c a l p s e u d o - m a s s i v e 
o r e s show c e r t a i n g e o c h e m i c a l f e a t u r e s w h i c h d e s e r v e f u r t h e r c o n s i d e r a t i o n . 
A s s u m i n g no c h e m i c a l change i n the p r i m a r y o r e f l u i d s the m e a n conten ts 
of N i (a. m . 7 p p m ) , P b (a. m . 15 p p m ) a n d Z n (a . m . 12 p p m ) i n the p seudo -
m a s s i v e o r e s a r e w e l l b e l o w those o f m a t e r i a l m o r p h o l o g i c a l l y i n t e r m e d i a t e 
b e t w e e n m a s s i v e and. b o t r y o i d a l o r e . T h i s impove r i shmen t i s m o s t l i k e l y 
due t o a l o s s o f t r a c e e l e m e n t s d u r i n g r e c r y s t a l l i z a t i o n and m i n o r 
s i l i c i f i c a t i o n o f the o r i g i n a l b o t r y o i d a l o r e ( a . m . Si 6 . 2 % ) . I n c o n t r a s t the 
T i c o n c e n t r a t i o n s a r e u n u s u a l l y h i g h (a* m . T i 106 p p m ) w h i c h sugges ts a 
h i g h deg ree o f i n i t i a l i n t e r a c t i o n b e t w e e n the o r e f l u i d s and the T i - r i c h 
v o l c a n i c w a l l r o c k s (e . g . i l l m e n i t e , t i t a n a u g i t e and l e u c o x e n e ) . 
9 . 6 . C o m p a r i s o n w i t h o r e s f r o m the M i l l o m - F u r n e s s o r e f i e l d (Tab l e 4) 
Samples c o l l e c t e d d u r i n g the r e c o n n a i s s a n c e s u r v e y i n d i c a t e t ha t 
a p a r t f r o m m i n o r c h e m i c a l d i f f e r e n c e s the r e p l a c e m e n t o r e s a r e i n d i s t i n g u i s h -
able f r o m those o f the W e s t C u m b e r l a n d o r e f i e l d . Since the da ta r e f e r s t o 
unscreened , m a t e r i a l o n l y the m o r e - o b v i o u s p o i n t s a r e d i s c u s s e d . 
A . B o t r v o i d a l O r e s 
These show the g r e a t e s t c o n t r a s t w i t h o r e s f r o m the type a r e a 
e s p e c i a l l y the i n c r e a s e s f o r A s ( a . m . 1820 p p m ) , P b ( a . m . 60 p p m ) . 
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Sr ( a . m . 10 p p m ) a n d Z n ( a . m . 20 p p m ) , a n d the d e c r e a s e s f o r Ba ( a . m . 15 p p m ) 
Y ( a . m . 5 p p m ) and Si ( a . m . 0 . 8 0 % ) . U n l e s s these d i f f e r e n c e s a r e r e l a t e d 
•:r. g e o c h e m i c a l v a r i a t i o n s i n the " g r a n i t e " b a s e m e n t , one m u s t a s sume 
c h e m i c a l p a r t i t i o n i n g as the p o s s i b l e m e c h a n i s m . 
3 . M a s s i v e O r e s 
A l l o w i n g f o r c e r t a i n m i s c l a s s i f i c a t i o n e r r o r s the d i s t r i b u t i o n p a t t e r n s 
f o r A l , A s , Fe and. Si a r e m a r k e d l y b i m o d a l and. a r e thought t o r e p r e s e n t the 
r e p l a c e m e n t of t w o l i t h o l o g i c a l l y d i s s i m i l a r c a rbona t e u n i t s . A l t h o u g h t h i s 
f e a t u r e i s c h a r a c t e r i s t i c o f the type a r e a , the s t r o n g e r b i m o d a l d i s t r i b u t i o n s 
ag ree w i t h g r e a t e r s p e c i f i c i t y o f r e p l a c e m e n t observed , i n the M i l l o m - F u r n e s s 
o r e f i e I d : 
A l g . m . a t 0 .23% a n d 0. 30% 
A s ti ii 25 p p m ' ti 45 p p m 
Fe n I I 62% ii 66% 
Si ii n 1. 50% I I 2 . 75% 
N o t o n l y i s the m e a n a r s e n i c conten t l o w e r bu t the b o t r y o i d a l / m a s s i v e 
e n r i c h m e n t f a c t o r i s h i g h e r . T h i s a g a i n sugges ts the o p e r a t i o n o f a 
p a r t i t i o n f u n c t i o n whose va lue i s d e t e r m i n e d b y the o v e r a l l e n v i r o n m e n t 
of d e p o s i t i o n . The c lose g e o c h e m i c a l s i m i l a r i t y w i t h those o f the type 
a r e a p r o v i d e s a d d i t i o n a l ev idence f o r a c o m m o n o r i g i n . 
9. 7. F l u i d I n c l u s i o n R e s u l t s 
F r o m an o r i g i n a l 15-7 s a m p l e s , 31 q u a r t z s a m p l e s and 3 f l u o r i t e 
s a m p l e s w e r e f i n a l l y s e l e c t e d f o r a n a l y s i s . ( N . B . I n c l u s i o n s s h o w i n g 
i n c i p i e n t " n e c k i n g " o r su spec t ed leakage a l o n g m i c r o f r a c t u r e s w e r e r e j e c t e d . ) 
C a l c i t e and. b a r i t e c r y s t a l s w e r e f r e e f r o m p r i m a r y i n c l u s i o n s and. contained, 
o n l y p l a n a r a r r a y s o f unusab le m i n u t e s e c o n d a r y i n c l u s i o n s . The q u a r t z 
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c r y s t a l s w e r e e x t r a c t e d f r o m vugs i n the m a s s i v e o r e and n o r m a l l y d i s p l a y e d 
one. o r m o r e g r o w t h s u r f a c e s . E u h e d r a l f l u o r i t e s p e c i m e n s w e r e h a n d p i c k e d 
f r o m i r r e g u l a r c a v i t i e s i n the m a s s i v e o r e and. w e r e o b s e r v e d t o p o s t - d a t e 
the q u a r t z d e p o s i t i o n (Chap te r 4 ) . The i n c l u s i o n s w e r e a l l t w o phase s y s t e m s 
(vapour - l i qu id . ) and. f r e e f r o m daugh t e r m i n e r a l s . C h i l l i n g b e l o w 0 ° C f a i l e d , 
t o p roduce any ev idence f o r l i q u i d . CO ( c r i t i c a l t e m p e r a t u r e + 3 1 ° C , bu t 
v e r y s e n s i t i v e t o a b s o r b e d i n f r a - r e d r a d i a t i o n ) . S e v e r a l h o m o g e n i z a t i o n 
m e a s u r e m e n t s w e r e made on each s p e c i m e n ; the d e t a i l s of w h i c h a r e g i v e n 
i n T a b l e 5. The m e a n t e m p e r a t u r e f o r the W e s t C u m b e r l a n d q u a r t z gangue 
( F i g . 22) a g r e e s c l o s e l y w i t h the va lue o f 1 0 5 ° C f o r q u a r t z c r y s t a l s f r o m the 
R o b e r t g a t e o r e b o d y , B e c k e r m e t ( Ineson 1967 ) . . F l u o r i t e shows a s l i g h t l y 
h i g h e r m e a n o f 1 1 5 ° C . A f a i l u r e t o o b t a i n s i m i l a r i n f o r m a t i o n f o r the 
L o w e r P a l a e o z o i c v e i n d e p o s i t s because o f u n s u i t a b l e m a t e r i a l w a s p a r t i c u l a r l y 
d i s a p p o i n t i n g . H o w e v e r c u r r e n t r e s e a r c h b y the a u t h o r on the M i l l o m -
F u r n e s s o r e s i n d i c a t e s a m e a n t e m p e r a t u r e o f 9 5 ° C f o r c a l c i t e gangue . 
The a p p a r e n t t e m p e r a t u r e d i f f e r e n c e b e t w e e n the n o r t h e r n and s o u t h e r n 
sec t ions o f the l i m e s t o n e b e l t m a y i n d i c a t e d e p o s i t i o n a t a h i g h e r s t r u c t u r a l 
l e v e l r e l a t i v e t o the b a s e m e n t " g r a n i t e s " i n the l a t t e r a r e a . A p l o t o f the 
m e a n t e m p e r a t u r e s f o r each l o c a l i t y r e v e a l s no d i s c e r n i b l e t r e n d and. 
un l e s s t h e r e i s a s m a l l v e r t i c a l g r a d i e n t concealed, by the u n c o n t r o l l e d 
s t r a t i g r a p h i c s a m p l i n g the t e m p e r a t u r e d i s t r i b u t i o n i s n o t i c e a b l y u n i f o r m . 
H o m o g e n i z a t i o n t e m p e r a t u r e s p r o v i d e o n l y the m i n i m u m t e m p e r a t u r e 
of f o r m a t i o n a n d to d e r i v e the a c t u a l f i l l i n g t e m p e r a t u r e s one needs t o 
c o r r e c t f o r p r e s s u r e and s a l i n i t y . U n d e r i d e a l c o n d i t i o n s a p r e s s u r e 
c o r r e c t i o n can be obtained, f r o m the p a r t i a l h o m o g e n i z a t i o n t e m p e r a t u r e s 
of l i q u i d CO i n c l u s i o n s , but u s u a l l y one m u s t e s t i m a t e the p r e s s u r e 
Ca 
i n d i r e c t l y f r o m ove rburd . en t h i c k n e s s e s a t the t i m e o f d e p o s i t i o n . F o r the 
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T A B L E 5 
F L U I D I N C L U S I O N R E S U L T S F O R T H E W E S T C U M B E R L A N D G A N G U E 
M I N E R A L S 
Sample M a t e r i a l 
N u m b e r 
N u m b e r o f 
I n c l u s i o n s 
M e a n H o m o g e n i z a t i o n S a l i n i t y 
T e m p . oC 
18 Q u a r t z 3 104 
23 7 102 
26 30 107 
32 17 113 
36 12 121 
40 4 108 
42 10 115 
69 6 94 
86 2 102 
88 4 116 
89 8 105 
91 4 102 
101 2 108 
107 3 109 
112 4 115 
114 F l u o r i t e 5 117 
125 Q u a r t z 4 107 
127 I I 2 109 
134 I I 1 + 104 
150 I I 5 99 
153 F l u o r i t e 7 106 
154 Q u a r t z 1 95 
160 I I 2 113 
N a C l equ ip 
10,15 & 11 
18 & 21 
* N . B . Sample N u m b e r r e f e r s t o s amp le l o c a l i t y n u m b e r 







































"West C u m b e r l a n d a r e a the p r e c i s e age o f the m i n e r a l i z a t i o n a n d t h i c k n e s s 
o f the s u p e r i n c u m b e n t s e d i m e n t a r y c o v e r a r e u n k n o w n a n d thus any such 
e s t i m a t e i s p u r e s u p p o s i t i o n . H o w e v e r because the o r e f l u i d s a r e l i t t l e m o r e 
t h a n heated, g r o u n d w a t e r s i t i s p o s s i b l e t o equate t h e m w i t h t h e r m a l l y 
e q u i l i b r a t e d g r o u n d w a t e r s unde r a n o r m a l g e o t h e r m a l g r a d i e n t . O b v i o u s l y 
t h i s d e m a n d s c e r t a i n a s s u m p t i o n s bu t the t h e o r e t i c a l m o d e l a p p r o x i m a t e s 
c l o s e l y to the p r o p o s e d t h e o r y o f o r e genes i s and would , accoun t f o r the 
u n i f o r m t e m p e r a t u r e d i s t r i b u t i o n . A s s t a t e d b y Sass (1971) " the i n t r u s i v e 
p a r t o f the c r u s t w i t h i n a g i v e n t h e r m a l p r o v i n c e m a y be t r e a t e d as a s i ng l e 
s y s t e m , and , a f t e r the a c t u a l hea t o f i n t r u s i o n has been d i s s i p a t e d , the 
t e m p e r a t u r e - dep th c u r v e b e l o w any p o i n t can be c a l c u l a t e d f r o m a knowledge 
of the s u r f a c e a c t i v i t y , A , a t t h a t p o i n t " . G e o l o g i c a l l y the L a k e D i s t r i c t 
g r a n i t e s a r e ana logous t o the S i e r r a Nevada t h e r m a l p r o v i n c e d e s c r i b e d - b y 
L a c h e n b r u c h (1970). U s i n g the u p p e r m e a n hea t f l o w f o r P a l a e o z o i c o r o g e n i c 
a r e a s (77 m W m ^ ) a g e o t h e r m a l g r a d i e n t of 3 5 ° - 4 0 ° C / K m i s i n d i c a t e d 
( F i g . 23 ) . Assuming o n l y a n e g l i g i b l e c o n t r i b u t i o n f r o m the T r i a s s i c c o v e r 
t h i s g i v e s a dep th o f 2 . 5 - 3 K m s f o r the W e s t C u m b e r l a n d , o r e d e p o s i t s ; o r 
i n t e r m s o f p r e s s u r e e q u i v a l e n t s a l i t h o s t a t i c l o a d of 0. 68 - 0. 81 K b s . o r a 
h y d r o s t a t i c load, o f 0 .25 - 0. 30 K b s . F i g u r e 24 , a f t e r I n g e r s o n (1947) i l l u s t r a t e 
the p r e s s u r e c o r r e c t i o n s f o r p u r e w a t e r a t v a r y i n g p r e s s u r e s . ( N . B . F o r 
l o w t e m p e r a t u r e s and. m o d e r a t e p r e s s u r e s s a l i n i t y d i f f e r e n c e s have l i t t l e 
e f f e c t on the c o r r e c t i o n v a l u e s ) . Since the m e t a s o m a t i c d e p o s i t s a r e connected. 
t o thoroughgoing f a u l t s t r u c t u r e s i t i s d o u b t f u l w h e t h e r d e p o s i t i o n t o o k p lace 
u n d e r p u r e l y l i t h o s t a t i c c o n d i t i o n s ( i . e . a p r e s s u r e c o r r e c t i o n o f 45 C ) . 
I f , h o w e v e r , the a l t e r n a t i v e c i r c u l a t i n g g r o u n d w a t e r m o d e l i s u s e d the 
o 


























PRESSURE CORRECTION GRAPH FOR HOMOGENIZATION 
TEMPERATURES 
West Cumberland Quartz Gangue 
1 H y d r o s t a t i c c o r r e c t i o n 






uJ ' • • • 
P r e s s u r e 
Observed homogenization temperature i s g iven a t the 
l e f t hand s i d e of the curve ; the curve showing 
i n c r e a s i n g f i l l i n g temperatures corresponding to 
h igher p r e s s u r e s J i e i n c r e a s i n g temperatures of format ion) 
0 D C 
9oo • 
75 
The p r o b l e m of supercool ing encountered during f reez ing runs 
•provides ind irec t evidence that the ore f lu ids w e r e f ree f r o m suspended, 
part iculate d e b r i s , a feature typ ica l of v e r y slow flow r a t e s . T h i s i s 
complete ly in a c c o r d a n c e with the k ine t i c s of m e t a s o m a t i s m where the 
rr-te control l ing step i s the di f fus ion of m a t e r i a l towards and away f r o m 
the reac t ion interface ( A m e s 1961a and 1961b). The sa l in i ty data i s too 
l i m i t e d to a l low prognost icat ion on the composit ion of the ore f lu ids but 
does indicate that the f lu ids w e r e r e l a t i v e l y sal ine b r i n e s (10 - Z l wt% 
N a C l equivalent) and not s imple groundwaters of subsurface hydro log ica l 
s y s t e m s (Table 5). 
T o s u m m a r i s e , the f lu id inc lus ions r e s u l t s for gangue m i n e r a l s 
f r o m the West C u m b e r l a n d o r e f i e l d r e v e a l s two important features of 
the m i n e r a l i z i n g f lu ids : 
(i) T h e f lu ids appear to have maintained a low u n i f o r m temperature over 
wide a r e a s ' d u r i n g the m a i n phase of m i n e r a l deposit ion. T h i s condition 
i s best described, a s an equi l ibrat ion with the reg iona l geothermal gradient 
r a t h e r than a d i s c h a r g e of w a r m juveni le f lu ids into a cooler hydro log ica l 
environment along l o c a l channelways . The la t ter s y s t e m would, p o s s e s s 
a strong t h e r m a l boyancy with flow r a t e s i n e x c e s s of those inferred, f r o m 
the degree of supercoo l ing . In contras t a heated, groundwater model would, 
have a m u c h lower bouyancy and convective o v e r t u r n without a s s o c i a t e d 
. ' i iermal s t r e a m i n g along fault s t r u c t u r e s . 
( i i ) Compos i t iona l ly the f lu ids r e p r e s e n t moderate ly sal ine b r i n e s having 
o . 
a m e a n temperature of 125-130 C ( i . e . a m e a n homogenization t emperature 
of 1 0 8 ° C corrected, for a hydros ta t i c p r e s s u r e of 0. 25 - 0. 30 K b s . ) . The 
or ig in of the sa l ine f lu ids i s d i s c u s s e d m o r e fu l ly i n chapters 11 and 13. 
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v. S. Conc lus ions 
The complete l a c k of reg iona l var ia t ion i s undoubtedly the most 
1-Viportant single c h a r a c t e r i s t i c of the ore g e o c h e m i s t r y w h i c h combined 
with the m i n e r a l o g i c a l data indicates that the ore f lu ids w e r e d e r i v e d e i ther 
i r o m an extensive homogeneous source or f r o m a l o c a l source by extreme 
lateral migra t ion , without undergoing c h e m i c a l d i f ferent iat ion . In view of the 
geophys ica l evidence for a "granite" basement beneath the a r e a and the w e l l 
defined nature of the m i n e r a l i z e d zone the f i r s t mode l appears most l i k e l y . 
A s shown by v a r i o u s i n t e r - e l e m e n t a s soc ia t ions the c h e m i c a l constituents of 
the o r e s f a l l into two m a i n groups; the p r i m a r y ore f lu id components and. 
the w a l l r o c k components. The f i r s t group r e p r e s e n t e d by A s , C u , F e , P b 
and. pos s ib ly S i a r e i n t e r p r e t e d a s diagnost ic ind ices of the ore f lu ids and 
were introduced, into the a r e a of deposit ion. The second group r e p r e s e n t e d 
by A l , C a , Mg, Mn, B a , N i , R b , S r , T i , Y , Z n and. Z r a r e thought to be 
the r e s i d u a l components of the o r i g i n a l w a l l r o c k s or components r e l e a s e d 
into ore f lu ids during w a l l r o c k interat ions (e. g. T i e n r i c h m e n t in ve ins 
in the B o r r o w d a l e v o l c a n i c s ) . C e r t a i n r e s i d u a l components can be re la ted 
to the rep lacement of m a j o r l i thologica l r o c k types and at a lower l e v e l by 
subpopulations i n e lement frequency d i s tr ibut ions . . The observed di f ference 
i n concentrat ion for t r a c e e lements i n the m a s s i v e and. botryo ida l ores does 
not appear to be related, to se lect ive adsorpt ion and i s probably a function 
of c h e m i c a l part i t ioning between the ores and ore f l u i d s . 
Fluid , i n c l u s i o n r e s u l t s for gangue m i n e r a l s in the rep lacement ores 
indicate a u n i f o r m t e m p e r a t u r e d i s tr ibut ion for the l imestone belt and 
thus support a common o r i g i n for the C u m b r i a n haematite o r e s . The inferred 
f low and m e a n t e m p e r a t u r e of the ore f lu ids a r e cons is tent wi th a model 
of c i r c u l a t i n g sal ine groundwaters i n e q u i l i b r i u m with a reg iona l geothermal 
gradient . 
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10. R E L A T I O N S H I P B E T W E E N B A S E M E N T 
G E O C H E M I S T R Y A N D M I N E R A L I Z A T I O N 
10.1. G e o c h e m i s t r y of the Intrus ive3 
Re la t ive to other Caledonian grani tes in the north of E n g l a n d , 
the P i n k v a r i e t y of the E s k d a l e granite i s unusual ly low in CaO and MgO 
(c . f. Skiddaw granite 1. 78% CaO, 1. 01% MgO; Shap granite 1. 78% CaO, 1. 46% MgO 
Weai-dale granite 0.86% C a o 0. 70% MgO). T h e s e depletions a r e probably 
related, to the i n t e n s i t y of late stage ch lor i t i za t ion and s e r i c i t i z a t i o n . 
B y c o m p a r i s o n the l o s s e s for total F e , K^O and Na^O a r e negligible and 
agree wi th the t h e o r e t i c a l interpretat ion of the above p r o c e s s e s (Table 6). 
A s suggested in chapter 2 the expuls ion of CaO f r o m the s y s t e m m a y account 
for the conspicuous epidote m e t a s o m a t i s m of the Borrowda le v o l c a n i c s 
surrounding the E s k d a l e granite and. i t s concealed, extens ions . 
F o r the h a e m a t i z e d P i n k granite a n a l y s e s show a 50% d e c r e a s e in 
total F e , s igni f icant reduct ions in A l 2 ° 3 » M n 0 a n d T i ° 2 ' a n t * * u r t h e r l o s s e s 
of CaO and. MgO. Comparab le reduct ions a r e a l s o observed, for A s , Pb and. 
Zn but not for e l ements f i r m l y he ld in the c h l o r i t e - s e r i c i t e la t t i ces ( i . e. ; 
K and. R b ) . The zone of most intense haemat iza t ion and. concommitant 
leaching o c c u r s along the E s k v a l l e y and c o i n c i d e s wi th both the centre of 
the Boug^er anomaly and. the projec ted extens ion of the Hardknot t shatter 
belt. 
A s shown i n table 6 the E n n e r d a l e granophyre i s c h e m i c a l l y d i s t inct 
f r o m the adjacent granite and. d i sp lays nei ther large sca le a l t erat ion nor 
p e r v a s i v e haemat iza t ion . V e i n s a r e confined, to w e l l defined fault p lanes 
and. there a r e no h a e m a t i t e - w a l l r o c k intergrowths as i n the grani te . Complete 
a n a l y s e s of the granite and. granophyre s a m p l e s are g iven in Appendix I I . 
10 .2 . G e o c h e m i c a l a f f in i t ies between granite and haematite ore 
T A B L E 6 
S U M M A R Y G E O C H E M I S T R Y F O R T H E E S K D A L E A N D E N N E R D A L E 
I N T R U S I V E S 
E s k d a l e granite E n n e r d a l e granophyre 
(a) P i n k (b) H a e m a t i s e d (c) G r e y (a) Main c e n t r a l p 
V a r . P i n k V a r . V a r . 
sio 2 76. 69% 75. 30%' 66. 44% 74 .62 
A 1
2 ° 3 
15. 06 .14. 53 16.15 14. 83 
T o t a l 1. 79 0. 88 5 .22 1. 32 
F e 
MgO 0. 21 0.15 1. 54 0. 53 
CaO 0.25 0. 08 1.91 0 .68 
N a 2 0 3.52 3 .33 3.19 5. 73 
K 2 0 5. 06 5. 02 4 . 5 5 0. 08 
T i 0 2 0.17 0.11 0. 70 0 .35 
MnO 0. 02 0. 00 0.11 0. 02 
B a 86 ppm 70 ppm 855 ppm N . D . 
Z r 120 77 268 262 ppm 
Y 26 23 40 36 
S r 28 27 242 97 
R b 400 420 173 10 
Z n 35 11 75 6 
C u N . D . N . D . 30 N . D . 
N i 6 4 10 N . D . 
A s 14 N . D . 7 N . D . 
P b 18 9 22 6 
N . D . - va lues below a n a l y t i c a l detection l i m i t . 
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Mean a n a l y s e s for the E s k d a l e botryoidal ores and P i n k granite 
indicate a sympathet ic re la t ionsh ip between the re la t ive abundances of 
A a , P b and. Z n in the o r e s and the intensi ty of corresponding depletions 
in the granite during haemat izat ion: 
P i n k 
Gran i t e 
H a e m a t i z e d 
P i n k granite 
Re la t ive 
Deplet ion 
Botrvo ida l 
O r e 
Re la t ive 
abundance 
i n the ore 
A s 14 ppm 3 ppm 78% 1810 ppm 18 
P b 18 ppm 9 ppm 50% 450 ppm 4 
Zn 33 ppm 11 ppm 30% 104 ppm 1 
F e 1. 8% 0.97% 50% - -
R b 420 ppm 400 ppm 5% 7ppm -
T h i s evidence together with the known dis tr ibut ion of veins suggests that 
the haematite oreshoots in the E s k d a l e granite w e r e f o r m e d by the 
r e m o b i l i s a t i o n of i r o n f r o m adjacent a r e a s of the grani te . The p r o c e s s i s 
envisaged, a s a two stage s y s t e m : 
Stage 1. The r e l e a s e of i r o n f r o m f e r r o m a g n e s i a n m i n e r a l s (+? 
part icu late haematite i n the f e l d s p a r s ) during la te - s tage 
a l t era t ion , fol lowed by l o c a l i s e d redeposi t ion of the i r o n 
a s haematite to produce the P i n k grani te . 
Stage 2. R e m o b i l i s a t i o n of the f ree haematite by c i rcu la t ing b r i n e s 
and. p a r t i a l redeposi t ion with in the granite along fau l t s , 
f r a c t u r e s and joint p lanes . The f e l d s p a r s m a y a l s o have 
undergone a fur th er phase of a l t era t ion at this stage. 
The m e c h a n i s m env i saged for stage 1 c o r r e s p o n d s c lo se ly with that 
d e s c r i b e d by Boone (1969) for haemat i f erous a lb i tes i n a granite p o r p h y r y 
in the Gaspe peninsula of e a s t e r n C a n a d a . L a r g e a r e a s of the porphyry 
a r e charac ter i sed , by the sub-as semblage red. albite + c h l o r i t i s e d biotite 
which grade into r e s t r i c t e d a r e a s of grey porphyry with the c r i t i c a l sub-
as semblage o l igoclase - andesine + l e s s a l t e r e d biotite . The c h e m i s t r y 
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c.nd texture of the f e ldspar phenocrys t s shows that the haemat i f erous 
a lb i tes a r e r e l i c t phenocrys t s of m o r e c a l c i c and po tas s i c p l a g i o c l a s e s . 
T h e y a r e related, to the l e s s a l t e r e d f e l d s p a r s by a paragenet ic model 
involving reac t ion between t e r n a r y f e l d s p a r , a vapour phase and F e + Mg 
r e l e a s e d during the decomposi t ion and oxidation of p r i m a r y m a f i c phases . 
L o w e r i n g of H+ act iv i ty at the s i tes of a l t era t ion i s used, to exp la in the 
local ised, prec ip i ta t ion of haemat i te . T h r e e independent equations s u m m a r i s e 
the observed, a l t era t ion: 
i _ 
2 K A l S i 3 0 g + 3 C a A 1 S i o + 4 H + + 2 Na + *> 
C a o 
P o t a s h f e l d s p a r C a l c i c p lag ioc lase 
2 K A l , S i , 0 i n ( O H ) . + 2Na A l S i , 0 Q + 3 C a 2 + 
S e r i c i t e Albite 
2 C a A l Si_ 0 + 5 M g 2 + + 2 H_0 + 4 H + > 
2 2 8 b 
C a l c i c p lag ioc lase 
M g 5 A l 2 S i 3 0 1 Q ( O H ) 8 + 2 C a 2 + + 2 A l 3 + + S i 4 + 
Chlor i t e 
2 F e 2 + + 3 H z O > FeZ°3 + H 2 + 4 H + 
Haematite 
Boone 1 s conclus ions apply to the E s k d a l e a l t era t ion wi th v e r y l itt le 
modi f i ca t ion and provide a s a t i s f a c t o r y m e c h a n i s m for the d i s tr ibut ion of 
f r ee haematite i n the P i n k granite and the c a l c i u m m e t a s o m a t i s m of the 
country r o c k s . Since other a r e a s of the haematite prov ince a r e known to 
be u n d e r l a i n by granite and. show no s ignif icant d i f f erences i n minera logy 
or g e o c h e m i s t r y it fo l lows that a g r a n i t e source model m a y a l s o apply at 
a reg iona l l e v e l . The style of veining in the E n n e r d a l e granophyre and. i ts 
total e n c l o s u r e by the E s k d a l e grav i ty "low" indicates a poss ible r e - i n t r u s i o n 
at depth of m a t e r i a l equivalent to the grani te . It i s a s s u m e d that i n the West 
i 
C u m b e r l a n d o r e f i e l d the E n n e r d a l e Shelf has undergone a s i m i l a r p r o c e s s of 
a l t era t ion , e s p e c i a l l y along i t s w e s t e r n m a r g i n s . 
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11. S P A T I A L V A R I A T I O N I N O R E 
G E O C H E M I S T R Y , W E S T C U M B E R L A N D 
:1. 1. Introduct ion 
B y us ing s c r e e n e d data e x c l u s i v e l y the West C u m b e r l a n d m a s s i v e 
ores show s e v e r a l spat ia l patterns not r e a d i l y discern* ble i n the o r i g i n a l 
data. T h i s i s most noticeable for those e lements having a large d i f ference 
between the i r re spec t ive means in the two m a i n ore types; where the r i s k 
of c r o s s contamination i s greates t . Some degree of l o c a l autocorre la t ion 
i s shown by a l l e lements but only A s , B a , C u and Mg exhibit t rends w h i c h 
are coherent and. geological ly meaningful . A s expected, the patterns for 
resid.ual w a l l r o c k components a r e highly confused. Magnes ium prov ides 
an interes t ing exception to this ru le because of its a s s o c i a t i o n with 
secondary dolomit izat ion and. has a d is t inct ive spat ia l d i s tr ibut ion . B y 
c o m p a r i s o n the trends for p r i m a r y ore fluid, components a r e r e l a t i v e l y 
w e l l def ined ( i . e. A s and C u . ) . 
11. 2. A r s e n i c and Copper 
Be ing diagnost ic g e o c h e m i c a l ind ices of the ore f lu ids the patterns 
shown by A s and C u a r e of m a j o r s ign i f i cance i n identifying the locat ion of 
basement channe lways . A s shown in f i g u r e s 25 and. 26 both e lements d i sp lay 
a n a r r o w zone of high values d i r e c t l y above the projected, sur face e x p r e s s i o n s 
of the C o a l F a u l t and E g r e m o n t L i n e s . T o the east of this zone the va lues 
gradual ly d e c r e a s e towards the C a r b o n i f e r o u s - O r d o v i c i a n contact. T h e s e 
trends indicate the importance of the tectonised m a r g i n s of the basement 
shelf i n providing channelways for the ascending m i n e r a l i z i n g solut ions . 
Although c h e m i c a l d i f ferent iat ion o f fers a s a t i s f a c t o r y explanation for the 
observed E - W gradient , the same effect could be produced, by a p r o g r e s s i v e 
FIGURE 25 
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dc:crease in the degree of a l t era t ion in the basement "granite" away f r o m 
ihe m a r g i n s ( i . e . re la t ive changes i n the degree of a l t era t ion producing 
l a t e r a l var ia t ions in the amount of A s and C u released, f r o m the "granite"). 
The absence of m i n e r a l i z a t i o n in the Hens ingham i n l i e r and the apparent 
paucity of orebodies north of the C o a l F a u l t s suggests that the zone of 
high va lues does not extend v e r y f a r beyond the present l i m i t of known 
m i n e r a l i z a t i o n . T h i s i m p l i e s an a s s y m e t r i c zoning about the m a r g i n s of 
the Ennerd.ale Shelf and substantiates the hypothesis for the or ig in of ore 
f lu ids f r o m within the "granite" basement . It a l s o fol lows that i f the ore 
f lu ids are modi f ied connate w a t e r s they have acted, only a s a solvent for 
i r o n s ince there i s no w i d e s p r e a d haemat izat ion along ident i ca l fault 
s t r u c t u r e s wes t of the shelf . 
The d e x t r a l offset to the a r s e n i c zone, northeast of F r i z i n g t o n , 
probably r e f l e c t s a corresponding offset to the C o a l F a u l t L i n e by the post-
T r i a s s i c Yeathouse F a u l t ( es t imated v e r t i c a l throw- + 1000 f t . ) . Although 
the e a s t e r n boundary of the a r s e n i c zone shows p r e f e r e n t i a l d i s p e r s i o n 
along prominent N W - S E faults the o v e r a l l pattern indicates an ins igni f icant 
amount of l a t e r a l m i g r a t i o n . F i g u r e 27 shows the corresponding v a r i a t i o n 
in a r s e n i c for the o r i g i n a l data and. i l l u s t r a t e s the potential value of l i n e a r 
d i s c r i m i n a n t function a n a l y s i s . 
Li. 3. Magnes ium 
A s s u m i n g the in terpre ta t ion of high Mg values i s c o r r e c t (Chapter 9) 
then the spat ia l v a r i a t i o n for Mg a s shown in f igure 28 def ines a r e a s of 
pre -haemat i t e dolomit izat ion in the w a l l r o c k s along m i n e r a l i z e d fau l t s . The 
observed, d i s tr ibut ion a l s o indicates that dolomit izat ion cannot be a s c r i b e d 
to the downward perco la t ion of M g - r i c h solutions f r o m the over ly ing P e r m o -
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Ti.-iassi.es s ince there a r e a r e a s of unal tered l imestone d i r e c t l y beneath 
the B r o c k r a m s . M o r e o v e r the l a c k of c o r r e l a t i o n between m a g n e s i u m 
enr i chment and i r o n m e t a s o m a t i s m d i s c r e d i t s the theory of dolomit izat ion 
as a p r o c e s s of ground p r e p a r a t i o n p r i o r to m i n e r a l i z a t i o n . 
11.4. B a r i u m 
The pat tern for b a r i u m ( F i g . 29) shows a g e n e r a l a s s o c i a t i o n between 
a r e a s of P e r m o - T r i a s s i c sediments and m a s s i v e o r e s containing more than-
30 ppm B a . T h i s value i s by no m e a n s a r b i t a r y and coincides with the 
inferred, l ower l i m i t for the upper B a subpopulation ( F i g . 18). Although the 
over lap i s strong it does suggest that e a c h subpopulation r e f e r s to a separate 
g e o c h e m i c a l p r o c e s s . A s shown, anomalous ores a r e re la ted to: 
(i) Orebodies having or having p o s s e s s e d a B r o c k r a m roof or 
hanging w a l l . 
or ( i i ) Orebodies developed along faults downthrowing m a j o r troughs 
of P e r m o - T r i a s s i c sed iments . 
11. 5. P e r m o - T r i a s s i c B a r i t e 
The abundance of bar i te i n the lower P e r m o - T r i a s s i c sequence of 
West C u m b e r l a n d ( T r o t t e r 1945) i s not without p a r a l l e l and c h a r a c t e r i s e s 
the m a r g i n a l zones of most other E u r o p e a n T r i a s s i c b a s i n s . In the E a s t 
Midlands it i s a l m o s t ubiquitous and a p p e a r s a s a c h e m i c a l cement i n the 
sandstones ( S y l v e s t e r - B r a d l e y 1968). F o r the A r d e c h o i s T r i a s s i c b a s i n , 
F r e n c h geologists bel ieve that the deposit ion of bari te i s due to the m i g r a t i o n 
ox B a C l b r i n e s outwards f r o m the centre of the compacting b a s i n into 
s u l p h a t e - r i c h p e r i p h e r a l zones ( B e r n a r d and S a m a m a 1968). 
I I . 6. B a r i t e - H a e m a t i t e A s s o c i a t i o n 
T r o t t e r whi l s t report ing the o c c u r r e n c e of bar i te in the B e c k e r m e t 
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• FIGURE 29 
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?.rua a l s o notes the m a r k e d a s s o c i a t i o n with ory sandstones . Of g r e a t e r 
importance however i s the development of bar i te a s a m a j o r gangue m i n e r a l 
\r> many of the orebodies south of E g r e m o n t . Its o c c u r r e n c e as bladed 
.masses within the m a s s i v e ore suggests that the ore f lu ids w e r e capable of 
de positing haematite and bar i te s imultaneous ly . T o account for the a s s o c i a t i o n 
of bari te and haematite both in the l ower P e r m o - T r i a s s i c s and the 
C a r b o n i f e r o u s l imes tones d i r e c t l y beneath the cover three b a s i c models can 
be cons idered: 
(i) BaSO^ w a s c a r r i e d in solution by the ore f lu ids and prec ip i ta ted 
on mix ing wi th l e s s sal ine f o r m a t i o n a l f lu ids in the P e r m o -
T r i a s s i c s . 
( i i ) BaSO^ was prec ip i ta ted by the mix ing of s u l p h a t i c ore f lu ids 
with B a C l b r i n e s i n the P e r m o - T r i a s s i c s . 
( i i i ) BaSO^ w a s prec ip i ta ted by the mix ing of B a - r i c h ore f lu ids 
wi th sulphat ic f lu ids in the P e r m o - T r i a s s i c s . 
E x p e r i m e n t a l w o r k by 'Temple ton (1960) and Gundlach et a l . (1972) c o n f i r m s 
the f eas ib i l i ty of the f i r s t model and has shown that the solubil i ty of BaSO^ 
i n c r e a s e s wi th t e m p e r a t u r e and the ion ic strength of the solvent; At 1 5 0 ° C 
and in 12 wt % N a C l solution, the m o l a l concentrat ion of BaSO^ i s 2 0 X that 
of pure water at the same t e m p e r a t u r e . In v iew of the observed sa l in i ty 
of the ore f lu ids the prec ip i ta t ion of bar i te by di lution with l e s s ' s a l i n e f lu ids 
c i r c u l a t i n g i n the P e r m o - T r i a s s i c s i s quite conce ivable . 
The second mode l i s analogous to the A r d e c h o i s b a s i n hypothesi s 
and a s s u m e s the ore f lu ids , contained an apprec iab le sulphate component. 
D a v i d s o n (1966) i n h i s l a s t paper to the Institute of Mining and Meta l lurgy 
repor t s that bar i t e i s found under v i r t u a l l y e v e r y e v a p o r i t i c format ion i n 
E u r o p e and suggests the role of diagenetic w a t e r s f r o m the over ly ing s t r a t a . 
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Ha also r e m a r k s on the development of bar i te as a cement i n continental 
"red-beds" , of ten i n close p r o x i m i t y to gypsum and anhydri te deposits. 
The occurrence of gypsum-anhydri te beds i n the Lower P e r m i a n of West 
Cumberland and the undisputed "red-bed" character of the St. Bees Sandstones 
o f f e r a per fec t environment f o r i n t e r s t a t a l BaCl f l u ids of the type envisaged 
by Davidson. D i f f i c u l t i e s a r i se however i n provid ing sulphatic ore f l u i d s . 
Fo r subsurface connate waters the average C1/S0^ r a t i o var ies f r o m 200:1 
to 1000:1 (White et a l . 1963) w h i l s t f o r f l u i d inclusions the r a t i o is r a r e l y 
below 20:1 (Roedder 1972). Thus unless the ore f lu ids were l o c a l l y enr iched 
in sulphate the process of deep c i r cu l a t i on generates only c h l o r i d e - r i c h 
f l u i d s . The only possible sulphate source is the nodular anhydrite descr ibed 
by L l e w e l l y n et a l . (1968) i n the Seventh Limes tone . A t present the to ta l 
extent of the anhydri te is unknown but the apparent r e s t r i c t e d nature of the 
occurrence precludes the massive involvement of sabkha sulphates to 
account f o r the observed abundance of ba r i t e . Probably the p rob l em w i l l only 
bs reso lved by an analysis of the inc lus ion f l u i d s . (N. B . The presence of 
Visean evapori tes beneath the I r i s h Sea, s i m i l a r to those i n the Republic 
of I r e land , cannot be discounted (West et a l . 1968). 
The t h i r d mode l is essent ia l ly the converse of the second and demands 
the existence of B a - r i c h ore f l u ids and sulphatic P e r m o - T r i a s sic f l u i d s . I t 
contains severa l features wh ich make i t more compatible w i t h the o r i g i n 
of the haematite ores than the previous models . The development of th i ck 
evaporite (gypsum-anhydr i te ) sequences i n the P e r m i a n succession adjacent 
to the o r e f i e l d presents no p rob lem i n generating su lpha te - r ich f o r m a t i o n a l 
f l u i d s . To provide the complementary B a - r i c h f lu ids one of two mechanisms 
may apply: 
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(i) Release of Ba f r o m the basement granites as suggested by 
Rankama and Sahama (1955) 
or ( i i ) Contamination of the ore f lu ids by BaCl^ b r i ne s . 
Analyses of unminera l i zed and. mineral ized. Eskdale granite show no 
s igni f icant deplet ion i n Ba which makes the f i r s t mechanism doubt fu l . 
However the existence of B a - r i c h Na-Ca chloride br ines throughout the 
Durham-Nor thumber l and coa l f i e ld makes the a l ternat ive hypothesis more 
tenable. B a r i u m chloride br ines although unuaual are not uncommon and 
have been descr ibed i n coal workings i n the East Midlands (Ickes 1924), 
the Carboniferous of West Pennsylvanian(Fachalt 1967) and the Cretaceous 
of Texas (Brooks 1969). The author proposes that s i m i l a r br ines mig ra t ed 
beyond, the Cumberland coa l f i e ld and became mixed, w i t h deep c i rcu la t ing 
connate waters before ascending along " through-going" s t ructures i n the 
basement "gran i tes" . Al though there is no d i r ec t evidence f o r b a r i u m br ines 
in the above coalfield, i t is in te res t ing to note that the M i l l o m - F u m e s s 
ore f i e Id is both f r ee f r o m bar i te and isolated f r o m known Upper Carboniferous 
coal basins. 
Of a l l three models the second f o r m of the third, model appears most 
l i k e l y . As w e l l as f i t t i n g the observed, data i t does not demand assumptions 
w. i ich have not been proved elsewhere. The development of bar i tes beneath 
;he P e r m o - T r i a s s i c cover is a t t r ibu ted to the downward penetrat ion of 
su lphate- r ich f lu ids into the Carboniferous succession along faults and 
f i s su r e s . 
11. 7. Evaluat ion of Trend. Surface Pat terns 
Var ious reasons f o r the f a i l u r e of the West Cumberland massive ores 
to respond to t r end surface analysis have a l ready been discussed i n chapter 8. 
A measure of the i r f a i l u r e i s indicated by the Fischer-Snedecor " F " r a t i o 
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f o r each surface as given i n Table 7. Only Fe, T i and. Zn appear to show 
any appreciable l eve l of s ta t i s t ica l s igni f icance . The f i r s t o rder surfaces 
f o r these elements are hor izon ta l over the zone of sampling but plunge 
steeply along the margins of the oref ie ld . due to po lynomia l i n s t ab i l i t y . The 
absence of f l e x u r i n g and. f a i l u r e of the Quadratic surfaces probably re f lec t s 
the lack of r e a l va r i a t i on i n the data. Higher o rder f i t s f o r Zn are 
t o t a l l y inexplicable and. do not relate to any process p rev ious ly ascribed, to 
z inc . Hand contoured, maps f o r the same data show no apparent geochemical 
r e l i e f and i t must be assumed, the re fo re that the Quadratic and Cubic 
surfaces are mathem'atical der iva t ives of the L inear sur face . 
11. 8. Conclusions 
The observed, spat ia l var ia t ions f o r A s , Ba, Cu and Mg are consistent 
w i t h the in te rpre ta t ions given to f ac to r loadings, cor re la t ions and other 
n u m e r i c a l associat ions. Both As and Cu describe the loca t ion of m a j o r 
channelways and. are i n keeping w i t h the theory of ascending ore f lu ids 
de r ived f r o m a "gran i te" basement. In contrast Mg i l l u s t r a t e s the 
d i s t r i bu t i on of pre-haemati te secondary dolouni t iza t ion. B a r i u m provides 
the thi rd , most impor tan t cha rac te r i s t i c of the m i n e r a l i z a t i o n and indicates 
the m i x i n g of the ore f l u ids w i t h sulphate r i c h f o r m a t i o n a l waters i n the 
P e r m o - T r i a s s i c s . Las t l y , the absence of regional va r i a t i on i n the ore', 
geochemis t ry con f i rms the hypothesis of an homogeneous source f o r the . 
i r o n . 
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T A B L E 7 
ANALYSIS OF VARIANCE FOR TREND SURFACES 
Sourco Sum of Degrees of Mean " F " ra t io Confidence 
Squares Freedom Square Leve l 
Si (n = 92) 
Due to 2 . 9 4 x 1 0 * 2 1. 47 x 10* 1.13 < 7 5 % > 5 0 % 
Linear 
evs. f r 
L inea r 
3 " 1 D o m 1. 15 x 10 89 1.29 x 10 
2 Fe (n = 89) 
Due to L i n . 1.11 x 10 2 5. 55 x 10 2. 06 < 90% > 75% 
3 1 Devs . f r o m 2. 31 x 10 86 2.68 x 10 
L i n . ^ 
Due to Quad. 1. 84 x 10 3 6.13 0.22 <25%>10% 
Dev. f r m " 2.22 x 10 83 2. 76 x 10 
As (n = 92) 
Due to L i n . 1.76 x 10 2 8. 79 x 10 0.19 <25%>10% 
Dev. f r m " 4. 05 x 10 89 4.55 x 10 
C u ( n = 9 l ) 
Due to L i n . 5. 87 x 10 2 2.94 x 10: 0.56 <50% >25% 
Dev. f r m " 4 .60 x 10 88 5.23 x 10 
Pb (n = 9 4 ) 
Due to L i n . 3 . 5 4 x 1 0 , 2 1. 78 x 10 0.20 <25%>10% 
Dev. f r m " 8. 07 x 10 91 8. 87 x 10 
Zn (n = 94) 
Due to L i n . 1.46 x 10 2 7.30 x 10 2 .41 <95%>90% 
Dev. f r m " 2 . 7 7 x 1 0 2 91 3 . 0 4 x 1 0 
Due to Quad. 2. 37 x 10 3 7.90 x 10 2. 75 < 9 9 % > 9 5 % 
Dev. f r m " 2 . 5 3 x 1 0 ^ 88 2. 87 x 10 
Due to Cub. 4 . 3 2 x 1 0 ' 4 ' 1. 08 x 10 4.33 <99%>95% 
Dev. f r m " 2 . 0 9 x l Q 84 2.49 x 10 
Due to Quar t 1.17 x 10 5 2.34 x 10 0.93 <75%>50% 
Dev. f r m " 1. 98 x 10 79 2. 51 x 10 
T i (n = 91) 3 
Due to L i n . 3. 58 x 10 2 1. 79 x 10 2. 56 <95%>90% 
Dev. f r m " 6.15 x 10 88 6. 98 x 1CL 
Due to Quad. 4. 71 x 1Q 3 1.57 x 10 0.22 <25%>10% 
Dev. f r m " 6.10 x 10 85 7.17 x 10 
A l l other elements gave L inea r explanations below the 75% confidence l e v e l . 
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12. FACTOR ANALYSIS 
As descr ibed i n chapter 8, f ac to r analysis is a method f o r iden t i fy ing 
mutual ly uncorrelated, l inear combinations of " m " var iables such that the 
v a r i a b i l i t y of the to t a l sys tem is descr ibed more e f f i c i e n t l y . In any geo-
chemical system cer ta in elements behave as a coherent group i n response 
to phys icochemical changes. Factor analysis al lows one to define these 
groups and. thus makes i t possible to i n t e r p r e t the process which i s con t ro l l ing 
thed i s t r ibu t ion of elements w i t h i n a given group. S i m i l a r resul ts .can be 
obtained, using mul t ip le l inea r regress ion analysis but the data is less 
read i ly in terpre table and. the technique contains no f a c i l i t y f o r max imi s ing 
the cor re la t ions i n " m " vector space. Being an ana lys i s of var iance , f ac to r 
analysis provides a greater insight into the in tere lement relat ionships of the 
type: 
X 
X, ex i o< X X 5e 
These tend, to weaken the n u m e r i c a l value of s imple co r r e l a t i on coeff ic ients 
and. so conceal s ign i f icant geochemical associat ions. The fo l lowing discussion 
r e f e r s only to the rota ted " v a r i m a x " solut ion as the p romax solut ion ( for K m i n . 
= 2 , 4 and 6) offered, l i t t l e re f inement of the fac to r loadings. Because of the 
s m a l l sample/variable r a t i o f o r the b o t r y o i d a l ores ( i . e . 24/17) in t e rp re ta t ion 
is res t r ic ted, to the massive ores f r o m the West Cumberland o r e f i e l d (N. B . 
A ra t io of at least 3/1 i s recommended). In general the d i s t r i bu t i on of the 
fac to r loading i s unknown and there fore the signif icance leve l of f ac to r loadings, 
wh ich are the c o r r e l a t i o n coeff ic ients between the o r i g i n a l var iables and. the 
f ac to r , were es t imated using the approx imat ion : 
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r sig where n = nos. of samples 
(af ter Vis te l ius and. F u l l e r 1969) 
where n :£= 100 this value approximates to the 0. 05 s ig . l eve l , but f o r 
.smaller numbers the confidence l i m i t s are l ower . For the massive ores 
(n = 56) the corresponding r value i s 0. 300. Rotated f ac to r ma t r i ce s are 
of ten presented inxraany f o r m s : 
( i ) Factor m a t r i x (Vis te l ius and F u l l e r 1969) 
( i i ) Factor loading graphs (Spencer 1966) 
( i i i ) Scattergrams of f ac to r scores (Le Maitre '68) 
The second f o r m a t contains most of the i n f o r m a t i o n of the o r i g i n a l m a t r i x 
and is more read i ly in t e rp re ted . I n afactor loading graph each f ac to r i s 
a l located a v e r t i c a l rectangular box whose height is d iv ided in to a scale 
between - 1. The var iables are posi t ioned i n the box according to the i r 
f ac to r loadings. 
As shown i n figure 30i 10 f ac to r s account f o r 88% of the variance 
i n the o r i g i n a l data. Eigenvectors accounting f o r less than 4% of the 
variance were not rotated and thus contain the res idua l variance unexplained 
by the communal i t ies ( i . e . h < 1). Fac tor loading graphs f o r the haemati te 
ores are given i n f igu re 31. 
Factor 1: Carbonate Facto'r 
Th is f ac to r explains most of v a r i a t i o n i n Ca, Mg and Mn, and is 
considered to be an express ion of the res idual carbonate chemis t ry of the 
o r i g i n a l w a l l r o c k s . I t c o n f i r m s the in te rp re ta t ion given to the cor re la t ions 
Ca: Mn and Ca: Mg and the role of carbonates i n con t ro l l ing the d i s t r i bu t i on 
of M n . 
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F I G . 30: S I M P L I F I E D V A R I M A X FACTOR M A T R I X FOR THE 







•—< TP vO in m m ON CO 00 00 oo 00 00 
• • • • • • o o o G>. o o o o o 
ON 00 NO 00 oo oo oo o 0 s 00 ON 
in 
i — i 
ON 
• o + 













































CO r- 00 N 
NO in 00 m ro 










CO o o 
CO CO ro 


























FACTOR LOADING GRAPHS FOR THE WEST CUMBERLAND 
MASSIVE ORES 


























































Factor 2: P r i m a r y Ore Fluid. Factor 
The negative loadings on this f ac to r are a d i rec t resul t of the 
mathemat ica l i n t e r lock f o r systems containing var iables of a constant 
sum and are therefore of doubtful s ignif icance (Chayes 1960). Since the 
p r i m a r y ore f lu ids are character ised by an enr ichment i n Fe the 
sympathetic posit ive loadings f o r A s , Cu and Zn are thought to indicate 
the trace element composit ion of the ore f l u i d s . For th is f ac to r to have 
been in t e rp re t ed as a func t ion of selective adsorpt ion by i r o n oxides 
s i m i l a r loadings would have been expected f o r N i , Pb and T i . 
Factor 3: W a l l r o c k Do lomi t i za t i on Fac tor 
Throughout the West Cumberland o r e f i e l d the ma in phase of 
haematizat ion was preceded by a phase of secondary do lomi t i za t ion . The 
process does not appear to have been d i r e c t l y connected, w i t h the m i n e r a l -
iza t ion because orebodies are equally developed i n areas of do lomi t i zed 
and undolomit ized l imestone. Accord ing ly the antipathetic re la t ionship 
between negative A l , Ca, Mn and T i loadings and the posi t ive Mg loading 
is considered to be func t ion of do lomi t i za t ion . The process is p r e f e r e n t i a l l y 
expressed through the clay content of the l imestone because th is is least 
a f fec ted by the r ed i s t r i bu t i on of Ca and. M g . Dolomi t i za t ion may also 
account f o r the b imodal Ca d i s t r i b u t i o n . 
Factor 4, 5 and 6: Selective Replacement Factors 
Factors 4, 5 and 6 have been grouped together because they each 
contain a posit ive loading f o r As together w i t h one or more elements 
ident i f ied as res idua l w a l l rock components. This is thought to suggest 
the selective replacement of three l i t ho log i ca l l y d i s s i m i l a r carbonate uni ts . 
Evidence provided by the in tere lement relat ionships between A l , Ca, Mg, 
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•\.b and Sr supports th is view (chapter 9 ). 
( i ) Factor 4 is considered to be the metasomat i sm of argi l laceous 
l imestones f o r which the negative Rb loading indicates a r e l a t ive ly 
unfavourable degree of replacement. This agrees w i t h the occurrence 
of undisturbed shale bands sometimes found, w i t h i n the massive ores . 
( i i ) Factor 5 is considered to be the metasomat ism of arenaceous 
l imestones where the posi t ive T i - Z r loadings indicate a more 
favourable degree of replacement . Both T i and Z r are in te rp re ted 
as the heavy m i n e r a l f r a c t i o n of the l imestone. 
( i i i ) Factor 6 is considered to be the favourable metasomat i sm of n o r m a l 
l imestones where the posit ive Sr loading indicates undolomit ized 
non-argi l laceous carbonate uni ts . 
The loadings f o r As on each of the above fac to rs c o n f i r m s the e a r l i e r suggestion 
that As va r i a t i on is cont ro l led by the nature of the o r i g i n a l wa l l r ocks and 
o f f e r s a possible explanation f o r i t s polymodal d i s t r i bu t i on . 
Factor 7: A n a l y t i c a l E r r o r Factor 
The single loading f o r Pb on th is f ac to r is d i f f i c u l t to relate to any 
geochemical process and is probably due to the poor ana ly t ica l p rec i s ion f o r 
low Pb values. 
Factor 8: Chalcopyri te Factor 
W i t h i n the o r e f i e l d there are several areas of chalcopyri te m i n e r a l i z a t i o n 
which appear to predate the haematite deposit ion. I t is tenta t ively suggested 
therefore that the posi t ive loadings f o r Cu and. N i represent contamination of 
the i r o n - b e a r i n g ore f lu ids by p re -ex i s t i ng copper (+ m i n o r n icke l ) m i n e r a l -
i sa t ion along common channelways. 
Factor 9: Y t t r i u m Fac tor 
Unlike Pb, Y shows no s igni f icant ana ly t ica l e r r o r and cannot be 
ascribed, to low p rec i s ion . The only possible l i n k is w i t h the Eskdale 
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bo t ryo ida l ores which are s l ight ly higher i n Y and show a posit ive co r r e l a t i on 
Cu: Y. On this l i m i t e d evidence the y t t r i u m fac to r is descr ibed as a t race 
clement charac te r i s t i c of the ore f l u i d s . 
Factor 10: P e r m o - T r i a s s i c P r o x i m i t y Factor 
The occurrence of bar i te gangue i n orebodies d i r e c t l y beneath the 
Brock rams or along faul ted troughs of P e r m o - T r i a s s i c sediments suggests 
that this f ac to r expresses a change i n the deposi t ional environment on 
approaching the over ly ing P e r m o - T r i a 6 s i c cover . As descr ibed i n Chapter 
11 this feature is a t t r ibu ted to a m i x i n g of the ore f l u ids w i t h f o r m a t i o n a l 
waters of d i f f e r e n t composi t ion causing the p rec ip i t a t ion of ba r i t e . F o r 
reasons unknown Cu and. T i are i n some way involved, i n this process . 
Fac tor analysis of the massive ores c o n f i r m s the in te rp re ta t ion 
g i v e n , to the s imple co r r e l a t i on coeff ic ients but extends the analysis by 
separating the components of variance f o r ind iv idua l elements. As a resu l t 
f u r t h e r in te r element associations are revealed which would have otherwise 
been c l a s s i f i ed as unsignif icant . The i n f e r r e d role of more than one f ac to r 
i n con t ro l l ing the variance of A s , Ca, Cu, T i , etc. agrees closely w i t h the 
existence of d iscre te subpopulations i n the f requency d i s t r i bu t i on patterns 
f o r these e lements . 
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13. PROPOSED M O D E L FOR H A E M A T I T E 
ORE GENESIS 
!L3 .1 . In t roduct ion 
F o r an al ternat ive theory of haematite ore genesis to be accepted 
i": must o f f e r a bet ter explanation of the observed, m i n e r a l i z a t i o n than 
previous theor ies . I t must also at tempt to reconcile the conf l i c t ing 
evidence p r o f f e r e d by r i v a l schools of thought "ascensionists vs descensionists". 
L i the author 's opinion the theory descr ibed below sat isf ies these r e q u i r e -
ments and provides a dynamic model of ore genesis i n which the process of 
haematizat ion is in tegrated w i t h the geological evolut ion of the area . Though 
based on new data, i t incorporates the observations of e a r l i e r worke r s whose 
ceta i led accounts of workings now abandoned proved invaluable. The 
essential concept of the theory is the release of i r o n f r o m a concealed, 
granite basement, co-extensive w i t h the Eskdale in t rus ive , by c i r cu la t ing 
.-.:ub-surface b r ines . The process i n considered to have taken place i n two 
d is t inc t stages: 
Stage 1:. Late stage a l t e ra t ion of the granite producing a chemica l / 
breakdown of the p r i m a r y constituents and loca l i sed 
p rec ip i t a t ion of the i r o n as f r ee haematite. 
Stage 2: Remobi l i sa t ion of the haematite by c i r cu la t ing sub-surface 
br ines and redeposi t ion at higher levels as epigenetic 
haematite deposits dur ing the ? late Carboniferous and 
late T r i a s s ic . 
13.2. O r i g i n and Chemis t ry of the Ore Fluids 
The pe r iod of i n i t i a l a l t e ra t ion appears to have been confined to 
cer ta in areas of the basement: the no r the rn par t of the Eskdale grani te , 
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the concealed, ridge beneath the Scafell and. Langdale areas, and. the deeper 
extensions of the basement beneath the Ennerdale Shelf. This is p a r t l y 
substantiated, by the d i s t r i b u t i o n of sympathetic epidot izat ion i n the Ordovic ian 
volcanics over ly ing the basement grani tes . A l l three areas occupy the 
cent ra l zone of the Eskdale g rav i ty " l o w " and constitute a s t r u c t u r a l "h igh" 
re la t ive to the surrounding sedimentary basins. The absence of s i m i l a r 
a l t e ra t ion i n the Shap and Skiddaw granites is complemented by a comparable 
absence of haematite m i n e r a l i z a t i o n . 
Re mob i l i s a t i on dur ing stage two is thought to have been less widespread 
and. restr icted, to channelways cont ro l l ing the convective c i r cu l a t i on of sub-
surface br ines moving outwards f r o m the Carboniferous and T r i a s s i c basins. 
Accord ing ly the metasomat ic replacement deposits d i r e c t l y above the wes te rn 
marg ins of the Ennerdale Shelf probably owe the i r development to the 
excellent channelways provided by the system of deep faul t s along the edge 
the 
of/basement grani te . ( F i g . 32). Elsewhere the penetrat ion of br ines into 
the centre of the s t r u c t u r a l "h igh" accounts f o r the spat ia l c o r r e l a t i o n between 
haematite veins i n the Lower Palaeozoics and the posi t ion of the Eskdale 
g rav i ty " l o w " . 
The present study provides ho d i r ec t evidence f o r the chemical state 
of the i r o n i n the ore f l u ids and one can make only general inferences based 
on the ore geochemis t ry and f l u i d inc lus ion data. Both G a r r e l l s (1960) and 
K e m (1960) have shown that the so lub i l i ty product of F e ( O H ) 3 , the most stable 
species of i r o n i n the E h - p H range of na tu ra l wa te rs , i s ex t r eme ly low 
except f o r pH 4. White(l963) however notes that the so lub i l i ty is several 
orders of magnitude higher i n chloride r i c h br ines and repor ts a value of 
110 ppm Fe f o r a Louisiana o r e f i e l d br ine having a pH of 6.3 (c. f . 0.1-0. 001 
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substantial quantities of i r o n i n solution and. act ing as potent ial ore f l u i d s . 
Recent exper imenta l w o r k by Col lepard i et a l . ( l972) has rev ised much of 
the e a r l i e r w o r k by Smith and K i d d (1949) on the s tab i l i ty of goethite and 
haematite i n neu t ra l solut ions. The i r resul ts indicate that dur ing the aging 
ijf i r o n oxide gels the t r a n s f o r m a t i o n of goethite to haematite is accelerated 
by an increase i n t empera ture , and i n the presence of (Cl-) ions the 
c ry s t a l l i z a t i on of goethite is to ta l ly inh ib i ted . This is i n excellent agreement 
w i t h the absence of goethite i n the Cumbr ian province and the high sa l in i ty 
of the f l u i d inc lus ions . Under such conditions side r i t e would not be expected 
o -3 .5 
since even at 25 C and p CO^ = 10 " atmospheres the s tab i l i ty f ield, f o r 
i r o n carbonate is r emarkab ly s m a l l . Moreover the e f fec t of "sa l t ing-out" 
and re t rograde so lub i l i ty at higher temperatures would, lead to a f u r t h e r 
decrease i n the a c t i v i t y of CO^ i n solution (Garre ls 1960). V e r i f i c a t i o n of 
the exper imenta l re la t ionship between (CI ) and haematite s t a b i l i t y is g iven 
by the fe r rug inous precipi ta tes associated w i t h t h e r m a l springs i n the 
K u r i l e Islands (Chukrov 1973). F o r c h l o r i d e - r i c h t h e r m a l waters containing 
1-13 ppm Fe the i r o n is p rec ip i ta ted d i r e c t l y as f e r r i h y d r i t e ; a co l lo ida l 
m i n e r a l of the hydrous i r o n oxide group having the composi t ion F e ^ O ^ ^ . 5. H.,0. 
Wi th t ime i t a l t e r s spontaneously to haematite and has been iden t i f i ed i n 
the At l an t i s I I Red Sea Deep, the Cheleken area of eastern Siberia and. the 
East P a c i f i c Rise . 
The evidence presented by White , Col lepard i and Chukhrov suggests 
that hot saline br ines provide a suitable solvent f o r d issolv ing the f r ee haematite 
f r o m the basement grani tes and redeposit ing i t h igher levels under posi t ive 
Eh / n e u t r a l pH condit ions. The large over lap between'the s tab i l i ty f ield, f o r 
2-
(SO^ ) and. the Eh f i e l d f o r haematite is the rmodynamica l ly consistent w i t h 
the simultaneous p rec ip i t a t ion of bar ' i tes as observed i n Egremont area. 
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The (CI ) / haematite re la t ionship also c o n f i r m s the hypothesis f o r ch lor ide-
r i c h ore f l u id s and. sulphatic waters i n the P e r m o - T r i a s s i c s . Conversely 
a model involv ing suphate-r ich ore f l u id s wou ld d r a s t i c a l l y reduce the 
. - A c t i v i t y of i r o n i n solution and. enlarge the s tab i l i ty f i e l d f o r goethite at 
che expense of haemati te . 
13. 3. Age of the Mine ra l i za t i on 
I f Boone's in t e rp re ta t ion of reddened feldspars i s co r rec t then the 
f i r s t stage of re mobi l i sa t ion must have occur red soon a f t e r the i n t ru s ion 
of the grani te magma. The second stage is more d i f f i c u l t to define but is 
general ly accepted, as pos t -T r i a s sic because of the d i s t r i b u t i o n of orebodies 
along p o s t - T r i a s s i c f au l t s . Against th is evidence however are the 
observations of Kendal l who records the occurrences of haematite f ragments 
i n the B r o c k r a m s and. the p r e - T r i a s sic d is locat ion of orebodies i n the 
F r i z i n g t o n area. These indicate an apparent late Carboniferous or even 
ea r ly P e r m i a n age f o r the m i n e r a l i z a t i o n . The s i m p l i c i t y of the present 
model i s i t s f l e x i b i l i t y to accommodate several periods of mine ra l i za t i on ; 
the f o r m a t i o n of ore f l u ids being l i m i t e d only by the m i g r a t i o n of sub-surface . 
br ines in to the basement grani tes . This is most l i k e l y to take place a f t e r 
a period, of tectonic movement when new f r a c t u r e s are f o r m e d and o ld ones 
react iva ted . A p a r t f r o m m i n o r in s t ab i l i t y the Lake D i s t r i c t appears to 
have remained stable u n t i l the end. of the Carboniferous and late T r i a s 
when there was considerable readjustment along the marg ins of the basement 
gran i tes . Dur ing these periods deep fau l t s t ructures were established, 
along the. Egremont and Coal Faul t L ines provid ing suitable channelways 
f o r g ran i t e -b r ine in te rac t ions . I t is thought that the West Cumberland, 
m i n e r a l i z a t i o n occu r r ed immedia te ly a f t e r these per iods , p a r t i c u l a r l y 
the p o s t - T r i a s s i c event. A m i n o r phase of haematite r emob i l i s a t i on 
corresponding to late Carboniferous movement on the Coal Faul t Line is 
t heo re t i ca l ly possible and. would explain Kendal l ' s observations without 
inval ida t ing the m a i n p o s t - T r i a s s i c phase of m i n e r a l i z a t i o n . By analogy, 
deep l eve l penetrat ion of br ines into the centre of the s t ruc tu ra l "h igh" 
would produce the numerous haematite veins now seen i n the Lower 
Palaeozoics d i r e c t l y above the a l t e red Eskdale granite and. i t s concealed. 
extensions. Al though an upper l i m i t f o r the pos t -T r i a s s i c age has not been 
determined, the palaeomagnetic w o r k of DuBois (1962) suggests that i t is 
un l ike ly to be T e r t i a r y . F o r the Florence orebody the mean d i r ec t i on of 
remnant magnet isat ion indicates a late P e r m i a n to e a r l y T r i a s s i c 
palaeomagnetic pole d i r e c t i o n . 
Using the West Cumberland oref ield. as a test case i t can be shown 
that the volume of granite beneath the mineral ized, zone is capable of 
supplying several t imes the 90 m i l l i o n tons of haematite a l ready mined . 
Assuming a basement of Eskdale granite (pink va r i e ty av. 1. 72% to ta l Fe) 
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and a 25% prec ip i t a t i on of r emob i l i s ed i r o n a source volume of 2. 66 x 10 
cu yds is r equ i red to generate 100 m i l l i o n tons of o re . Expressed, i n t e r m s 
of the geometry of the oref ie ld . this is equivalent to a wedge "12,miles X 
0. 75 mi l e s X 0. 54 m i l e s " . Since the g r av i t y i n t e rp re t a t ion of the 
Ennerdale Shelf indicates a continuation at depth to 3.2 m i l e s only the 
uppermost pa r t of the granite need be leached.. 
13. 4 Potent ia l Areas f o r Future Exp lo ra t ion 
As indicated i n f i gu re 6 the occurrence of metasomatic ore bodies 
beneath the 100 f t . isopachyte f o r the St. Bees Shale renders the shale/ 
conglomerate t r a n s i t i o n hypothesis ( T r o t t e r 1945) an unsuitable basis f o r 
m i n e r a l exp lora t ion . Accord ing to the new t h e o r y however areas of 
l imestone under la in by grani te and penetrated, by p r e - or pos t -T r i a s s i c 
f au l t s are p r i m a r y t a rge t areas ( F i g . 3). The most impor tan t of these is 
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the Linethwaite in te r sec t ion area located, at the nor thwestern corner of 
the Ennerdale Shelf. Because of the t h i ck P e r m o - T r i a s s i c cover and 
absence of m i n e r a l i z a t i o n i n the Hen sing ham i n l i e r th is area has received 
l i t t l e systematic at tention and deserves f u r t h e r inves t iga t ion . By de f in i t i on 
l imestones west of the Egremont and Coal Fault Lines are considered poor 
•prospects unless i t can be proved that the degree of l a t e r a l m i g r a t i o n is 
much grea ter . The southern extension of the productive F lo re nee-Be eke r m c t 
zone along the p ro jec ted Egremont Line continues to rank as an impor tan t 
reserve area, subject to more accurate i n f o r m a t i o n on the Carboniferous 
isopachytes south of Calder B r i d g e . N o r t h of F r i z i n g t o n the area is 
r e l a t i ve ly unfaulted but where developed the faul t s are i nva r i ab ly m i n e r a l i z e d . 
In view of the favourable pos i t ion of the Coal Faul t Line and the occurrence 
of ore bodies at Rowrah and Lamplugh this area has f u r t h e r potent ia l . The 
no r the rn l i m i t of explora t ion w i l l depend ma in ly on addi t ional geophysical 
w o r k def in ing the no r the rn m a r g i n of the Ennerdale Shelf beyond the present 
study area . 
13.5. Conclusions 
The proposed theory of haematite ore genesis envisages the m i g r a t i o n 
of Carboniferous connate br ines into the granite basement beneath the cen t ra l 
Lake D i s t r i c t a f t e r periods of tectonic readjus tment . Subsequent in te rac t ion 
w i t h areas of a l t e red grani te containing f r ee haematite is thought to have 
caused a re mob i l i s a t i on of the i r o n and i ts redeposi t ion at higher l eve ls . 
The d r i v i n g fo rce behind the mechanism is considered to be the na tura l 
t h e r m a l bouyancy of a hydro log ica l system i n a reg ion of s l igh t ly higher 
geothermal gradient . Loca l i sed m i x i n g of the b a r i u m - r i c h ore f l u ids w i t h 
sulphatic f o r m a t i o n wate rs f r o m the over ly ing P e r m o - T r i a s provides a 
sa t i s fac to ry model f o r the d i s t r i b u t i o n of b a r i t i c ore bodies. In the 
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West Cumberland, area, the metasomatic deposits are located d i r e c t l y above 
the faulted, marg ins of a concealed granite shelf w h i l s t i n the eastern sector 
o* the province the veins are c lus tered above the s t r u c t u r a l "high 1 1 p rovided 
by the Eskdale granite and i ts concealed extensions. 
To summar i se , the theory succeeds i n explaining: 
(i) The l inear d i s t r i b u t i o n of me ta somatic ore bodies i n the 
Carboniferous l imestones and t he i r genetic re la t ionship to 
scat tered vein deposits i n the Lower Palaeozoics. 
( i i ) The haematizat ion of the Eskdale grani te . 
( i i i ) The absence of m i n e r a l i z a t i o n i n the Hensingham i n l i e r and 
W i l t o n ou t l i e r . 
( iv) The associat ion between haematite and b a r i t e s . 
(v) The age and u n i f o r m nature of the mine ra l i z a t i on . 
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14. CONCLUSIONS 
1. The geochemical invest igat ion of epigenetic haematite deposits i n 
the wes tern , cen t ra l and southern areas of the Lake D i s t r i c t 
reveals a marked u n i f o r m i t y i n the s ty l e and nature of the 
m i n e r a l i z a t i o n . The ores are character ised by a ve ry simple 
m i n e r a l assemblage (haematite, quartz , calcite + m i n o r ba r i t e , 
f l u o r i t e , dolomite and side r i t e ) i n wh ich the gangue mine ra l s are 
subordinate. 
Loca l l y bar i t e is abundant and exceeds the to ta l amount of quartz 
and ca lc i te . 
2. A compar ison between the Bouguer g rav i ty f i e l d f o r the Lake 
D i s t r i c t and the occurrence of haematite veins i n the Lower 
Palaezoics indicates a spat ia l co r r e l a t i on re la ted to the presence 
of grani te i n the basement. This is p a r t i c u l a r l y w e l l developed 
f o r the Eskdale granite and i t s concealed extensions beneath the 
Scafel l and Langdale areas. Closer examinat ion shows that the 
m i n e r a l i z a t i o n is associated w i t h a speci f ic va r i e ty of the i n t r u s i o n 
containing an abundance of f r ee haematite released dur ing late stage 
a l t e r a t i on of the p a r t i a l l y consolidated magma. 
3. A deta i led in t e rp re t a t ion of the g r av i t y anomaly over the West 
Cumber land o r e f i e l d indicates that the zone of m a x i m u m metasomat i sm 
i n the Carboniferous l imestones occurs d i r e c t l y above the wes te rn 
marg ins of a concealed granite shelf extending outwards f r o m the 
Ennerdale granophyre beneath a r e l a t i ve ly t h i n cover of Lower 
Palaeozoics. The edges of the shelf are steep and w e l l def ined, and 
appear to have controlled, the development of fau l t ing and associated. 
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m i n e r a l i z a t i o n . The absence of haematizat ion i n the Hensingham 
i n l i e r and. W i l t o n ou t l i e r con f i rms the suggestion that the d i s t r i b u t i o n 
i 
of m i n e r a l i z a t i o n has been de termined by the s t ructure and composi t ion 
of the basement. It also impl i e s a m i n i m u m degree of l a t e r a l 
m i g r a t i o n by the ore f l u i d s . 
4. Factor analysis and complementary techniques demonstrate that 
the chemica l constituents of the West Cumberland massive ores 
can be div ided in to two ma in groups: a p r i m a r y ore f l u i d group 
(Fc, A s , Cu, Pb) and. a res idua l w a l l r o c k group (Ca, Mg, A l , Si, 
Rb, Sr, T i ) . The f o r m e r group represent elements in t roduced 
into the area of deposit ion w h i l s t the l a t t e r group represent the 
chemical residue of the w a l l r o c k s . Si l icon is classified, as a 
res idua l component because there is suf f ic ien t s i l i ca i n the l imestones 
to account f o r the observed va r i a t i on i n quartz without r equ i r ing a 
substantial cont r ibut ion f r o m the ore f l u i d s . The charac te r i s t i c 
polymodal d i s t r ibu t ions f o r cer ta in elements are a t t r ibu ted to the 
replacement of d i f f e r e n t carbonate l i thologies and can be used to 
define the o r i g i n a l composi t ion of the w a l l r o c k s . 
5. Except f o r A s , Cu, M g , and. Ba the West Cumberland massive ores 
show no s igni f icant spat ia l va r i a t i on i n ore geochemis t ry . The 
patterns wh ich do exis t are only d iscernible i n the screened, data and 
are e i ther obscured, or discontinuous i n the raw data. For A s and. Cu 
there is a s l ight a s symet r i c zoning about the pro jec ted margins of 
the Ennerdale Shelf; the decrease i n values being steeper to the 
west . This agrees w i t h the sharp c u t - o f f i n m i n e r a l i z a t i o n west of 
the Coal Faults and. is consistent w i t h a model of ore genesis i n wh ich 
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the basement granites are the source of the i r o n . The pat tern 
f o r magnesium is en t i r e ly d i f f e r e n t and. is re la ted nei ther to the 
d i s t r i bu t i on of haematite orebodies nor the d isposi t ion of the P e r m o -
T r i a s s i c s , thus d i sc red i t ing any theory regarding do lomi t iza t ion 
as a necessary p r e c u r s o r of i r o n metasomat i sm. In view of i ts 
negative covariance w i t h other diagnostic w a l l r o c k components i t 
is i n t e rp re ted as an index of pre-haemati te secondary do lomi t i za t ion . 
B a r i u m , unlike magnesium, is i n t ima te ly associated w i t h the haematite 
and has a d i s t r i b u t i o n which is best descr ibed by the m i x i n g of b a r i u m -
r i c h ore f l u i d s w i t h sulphatic f o r m a t i o n waters f r o m the P e r m o - T r i a s s i c 
cover. 
F l u i d inc lus ion studies on gangue mine ra l s coeval w i t h the haematite 
indicate a u n i f o r m temperature of deposit ion throughout the West 
Cumberland area (av. m i n . t emp. 108°C) . By using a convective 
o 
groundwater model the pressure c o r r e c t i o n is only +15 - 20 C f o r 
an hydros ta t ic sys tem. L i m i t e d sa l in i ty measurements suggest that 
the ore f l u ids were modera te ly saline br ines containing 10-21 wt% 
NaCl equivalent. 
Based on the above evidence a new model of ore genesis is proposed 
which envisages the leaching of i r o n f r o m selective areas of the 
granite basement beneath the Lake D i s t r i c t by heated subsurface 
b r ines , and i t s redeposi t ion at higher levels as epigenetic haemati te . 
The upward movement of the ore f l u ids being controlled, by the 
d i s t r i b u t i o n of through-going fau l t s t ruc tures l i nk ing m a j o r dis locat ions 
i n the basement w i t h open channelways i n the Palaeozoic cover . 
Thus the West Cumberland o r e f i e l d owes i t s existence to three 
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(a) The presence of a granite basement immedia te ly beneath 
the area containing f r ee haemati te . 
(b) The f o r m a t i o n of open fau l t s t ruc tures by per iodic movement 
along the edge of the Ennerdale Shelf. 
(c) The presence of a react ive l imestone cover p rov id ing a 
repos i to ry f o r the i ron-bear ing ore f l u i d s . 
8. The concept of an homogeneous granite source provides a sa t i s fac tory 
explanation f o r the regional d i s t r i b u t i o n of mine ra l i za t i on and the 
u n i f o r m nature of the minera logy and ore geochemis t ry . I t also 
accounts f o r the development of orebodies beneath more than 100 f t . 
of St. Bees Shale i n cont radic t ion to the breccia /shale hypothesis. 
In t e r m s of previous theor ies the model is bas ica l ly "ascensionist" 
w i t h a p r o v i s i o n f o r loca l r e c i r c u l a t i o n as de termined by the 
hyd ro log i ca l system i n the host rocks . 
9. The m a i n phase of m i n e r a l i z a t i o n is considered to have taken place 
i n the middle or late T r i a s fo l l owing isosta t ic readjustment and 
f au l t i ng i n the basement i n response to denudation and sedimentary 
loading i n the adjacent P e r m o - T r i a s sic basins. 
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A P P E N D I X I 
GRAVITY I N T E R P R E T A T I O N OF THE BASEMENT STRUCTURE. 
WEST C U M B E R L A N D 
Int roduct ion 
E a r l i e r w o r k by Fo lkman (1969) i n the Gosfor th area had 
indicated a continuation at depth of the Ennerdale granophyre west of 
the Boundary Fau l t . This prompted the author to investigate the g r a v i t y 
pat tern i n the E g r e m o n t - F r i z i n g t o n area of the West Cumberland o r e f i e l d 
f o r a s i m i l a r s t ruc ture because of a suspected geochemical re la t ionship 
between haematite mine ra l i za t i on and the Eskdale grani te . I t was thought 
that zones of m i n e r a l i z a t i o n may r e f l ec t a p r o x i m i t y to areas of concealed 
"gran i te" i n the basement. 
To test this hypothesis a ser ies of f ive c a r e fu l l y chosen 
p r o f i l e s across the no r the rn section of the o r e f i e l d were examined ( F i g . 3). 
Using accepted r o c k densities and a r ea l i s t i c regional gradient, the 
cont r ibu t ion to the res idua l anomaly by the C a r b o n i f e r o u s / P e r m o - T r i a s s i c 
cover was mathemat ica l ly removed. This enhanced the density contrasts 
in the Lower Palaeozoic basement and a l lowed a series of two-d imens iona l J 
" b e s t - f i t " models to be calculated f o r each of the p r o f i l e s . For the West 
Cumberland o r e f i e l d they indicated a concealed shelf of "gran i te" extending 
west of the exposed, granophyre and bounded, by steep w e l l def ined marg ins 
wh ich were coincident w i t h the zones of m a x i m u m m i n e r a l i z a t i o n i n the 
over ly ing l imes tones . 
This w o r k could not have been undertaken without the 
encouragement and. advise of P ro f . Bott and the unrestr icted, use of his 
own unpublished g r a v i t y data f o r the Lake D i s t r i c t . 
Method. 
Extensive use was madd throughout of the computer p rogramme 
A . 2 
" G R A V N " w r i t t e n by Bott f o r calculat ing the g rav i ty e f fec t of two-
dimensional bodies in f in i t e i n the " y " d i r ec t i on . The programme 
operates by evaluating the v e r t i c a l component of g rav i ta t iona l a t t r ac t ion 
i 
of one or more such bodies w i t h speci f ied density contrasts at f i e l d 
points above the leve l of the topmost par t of the bodies. To prevent the 
solut ion m a t r i x f r o m becoming unstable the p ro f i l e s were extended 
severa l k m 8 . eastwards across the cen t ra l par t of the ma in Eskdale 
anomaly. The computation was descr ibed by three sequential steps:-
Step 1. Subtraction of the Bouguer anomaly f r o m the regional gradient 
to give a res idual anomaly. 
The regional gradient was taken to be 0. 2 m g a l s / k m . , r i s i n g to the NW 
and having a values of 32-35 mgals over the coast. This was i n general 
agreement w i t h the mar ine geophysical surveys i n the I r i s h Sea and the 
values adopted by Bott (1964) and Fo lkman (1969)*' Figures 33, 34 and 35 
show the reg ional and Bouguer components of the g rav i ty f i e l d along 
p r o f i l e s 2, 3 and 4, and display the impor tan t f l e x u r i n g of the steep 
gradient associated w i t h the wes te rn m a r g i n of the Eskdale-Ennerdale 
complex. 
Step 2. Refinement of the res idua l anomaly by removing the cont r ibut ion 
f r o m the over ly ing Carbon i fe rous /Permo-Tr ias . s i c sediments. 
The contr ibut ions were calculated (GRAVN) f r o m geological cross-sect ions 
constructed along the p r o f i l e s . Rock densit ies were taken f r o m various 
published sources and are l i s t ed i n Table 8 . Isopachytes f o r the 
Carboniferous succession i n the Whitehaven Coa l f i e ld were not available 
and i t p roved impossible to remove the cover r e l i ab ly beyond a zone 
2-3 mi l e s west of the Skiddaw/Carboniferous junct ion . Data f o r p r o f i l e 
4 was taken d i r e c t l y f r o m Folkman 's Bouguer map cor rec ted f o r post-
Bor rowdale Volcanic Series sediments. As expected only the low density 
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TABLE 8 A2d 
ADOPTED ROCK DENSITIES USED IN THS GRAVITY INTERPRETATION 
Density (grms/cc) Source 
S t . Bees Sandstone 2.36 Folkman (1) 
Brockram 2.65 Domzalski (5) 
Carboniferous sandstone 2.48 weighted Masson-Smith (2) 
Snnerdale granophyre 2.66 Folkraan (1) 
(1) Folkman 1969: Unpublished M.Sc. thes i s .Un ivers i ty of Durham 
(2) Masson-Smith 1957: Unpublished Ph.D thes i s .Un ivers i ty of Cambridge 
(3) B e l l 1959: Unpublished M.Sc. t h e s i s , Univers i ty of Durham 
U ) Bott & Masson-Smi-th 1957: Quart. J . geol .Soc. Lond. ,113,93- 117 
(5) Domzalski 1955: Geophys.Prosp., Hague, 3, 254-7 
A.3 
P e r m o - T r i a s s i c s e d i m e n t s p r o v i d e d a n y s i g n i f i c a n t c o n t r i b u t i o n t o t h e 
r e s i d u a l a n o m a l i e s ( e . g . F i g . 3 5 ) . 
S t e p 3 : C a l c u l a t i o n a n d c o m p a r i s o n o f t h e o r e t i c a l a n d o b s e r v e d 
a n o m a l i e s . 
I n t h e t h i r d and . l a s t s t e p , a n o m a l i e s d u e t o d i f f e r e n t t h e o r e t i c a l m o d e l s 
w e r e c o m p u t e d , a n d c o m p a r e d w i t h t h e o b s e r v e d a n o m a l i e s u n t i l f i e l d 
p o i n t r e s i d u a l s w e r e a m i n i m u m . T h e r e s u l t i n g " b e s t - f i t " m o d e l s s h o w n 
i n f i g u r e s 36 a n d 37 a r e c o m p a t i b l e w i t h t h e g e o l o g i c a l e v i d e n c e a n d 
p r o v i d e a n e x p l a n a t i o n f o r t h e o r i g i n a n d d i s t r i b u t i o n o f h a e m a t i t e 
m i n e r a l i z a t i o n i n t h e W e s t C u m b e r l a n d a r e a . 
I n t e r p r e t a t i o n : 
T h r e e d i m e n s i o n a l l y t h e m o d e l s d e s c r i b e a s h a l l o w c o n c e a l e d 
s h e l f o f " g r a n i t e " e x t e n d i n g w e s t w a r d s f r o m t h e e x p o s e d g r a n o p h y r e 
b e n e a t h a c o v e r o f P a l a e o z o i c s e d i m e n t s . T h e s h e l f i s b o u n d e d t o t h e 
n o r t h w e s t b y a s t e e p l y d i p p i n g m a r g i n ( 6 0 ° - 7 0 ° ) t r e n d i n g N 6 5 ° E a s 
p o s i t i o n e d b y p r o f i l e s 1, 2 , 3 and. 4 . T o t h e s o u t h w e s t t h e i n t e r p r e t a t i o n 
i s l e s s u n a m b i g u o u s , b u t b y c o m b i n i n g p r o f i l e 5- w i t h t h e i s o g a l t r e n d s 
o 
n e a r E g r e m o n t a s i m i l a r m a r g i n c a n be i d e n t i f i e d s t r i k i n g E 4 5 S. F o r 
c o n v e n i e n c e t h e s e s t r u c t u r e s h a v e b e e n n a m e d , t h e " E n n e r d a l e S h e l f " , 
" C o a l F a u l t L i n e " a n d " E g r e m o n t L i n e " r e s p e c t i v e l y and. a r e s h o w n i n 
f i g u r e 6 . D e p t h s t o t h e t o p o f t h e s h e l f a r e o n l y a p p r o x i m a t e s i n c e t h e y 
a r e d e p e n d e n t u p o n t h e v a l u e s c h o s e n f o r t h e r e g i o n a l b a c k g r o u n d and. 
d e n s i t y c o n t r a s t s . H o w e v e r , g i v e n t h e g e n e r a l g e o l o g i c a l a n d r e g i o n a l 
c o n s t r a i n t s a d e p t h o f 2 - 3 k m s t o t h e t o p o f t h e s h e l f i s n o t u n r e a l i s t i p . 
F o r t u n a t e l y t h e p o s i t i o n o f t h e m a r g i n s i s l a r g e l y i n d e p e n d a n t o f t h e 
a b o v e p a r a m e t e r s a n d t h e v a l u e s g i v e n a r e a t r u e r e p r e s e n t a t i o n o f s u b -
v e r t i c a l d e n s i t y s u r f a c e s . 
I n c a l c u l a t i n g t h e m o d e l s , s a t i s f a c t o r y f i t s c o u l d , o n l y be a c h i e v e d 
A3a 
mi. 
Re 3 i d 
anom 
FIGURE 36 
MODELS OF THE BASEMENT FOR PROFILES 1 AND 2 
PROFILE 1 
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FIGURE 37 
MODELS OF THE BASEMENT FOR PROFILES 3 AND 4 
PROFILE 3 
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PROFILE 4 
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A . 4 
b y a s s u m i n g a p r o g r e s s i v e d e c r e a s e i n t h e d e n s i t y c o n t r a s t w i t h i n 
t h e " g r a n i t e " f r o m - 0 . 1 0 o v e r t h e E s k d a l e g r a n i t e t o - 0 . 08 a n d - 0 6 
o v e r t h e E n n e r d a l e g r a n o p h y r e . 
( e . g . O n p r o f i l e 3 b e t w e e n f i e l d p o i n t s 17 t o 22 k m s t h e c h a n g e i n 
d e n s i t y c o n t r a s t - 0 . 1 6 t o - 0 . 08 c o i n c i d e s w i t h t h e o u t c r o p o f t h e E n n e r d a l e 
g r a n o p h y r e ) . 
T h e p e r s i s t e n c e o f i n t e r n a l d e n s i t y c o n t r a s t s t o a t l e a s t 10-11 k m s 
i n d i c a t e s t h e e x i s t e n c e o f s e p a r a t e i n t r u s i v e b o d i e s t h u s c o n f i r m i n g t h e 
w o r k o f F o l k m a n (1969) a n d C l a r k ( 1 9 6 3 ) . 
P o s i t i v e r e s i d u a l s a t t h e w e s t e r n e n d o f p r o f i l e 1 a r e p r o b a b l y 
r e l a t e d , t o a n u n d e r c o m p e n s a t i o n f o r t h e C a r b o n i f e r o u s c o v e r . S i m i l a r l y 
a n o v e r - c o m p e n s a t i o n f o r t h e P e r m o - T r i a s s i c s e d i m e n t s o n p r o f i l e 5 
w o u l d a c c o u n t f o r t h e u n e x p l a i n e d n e g a t i v e r e s i d u a l s . 
A P P E N D I X I I 
S A M P L E L O C A T I O N A N D G E O C H E M I C A L D A T A 
A . 5 
T a b l e A l G r i d , r e f e r e n c e s and . g e o l o g i c a l s e t t i n g f o r h a e m a t i t e 
o r e s a m p l e s . 
T a b l e A 2 G r i d r e f e r e n c e s f o r g r a n i t e s a m p l e s 
T a b l e A 3 G r i d , r e f e r e n c e s f o r p l a c e s m e n t i o n e d , i n t h e t e x t 
T a b l e A 4 A n a l y s e s o f m a s s i v e o r e s , W e s t C u m b e r l a n d , o r e f i e l d . 
T a b l e A 5 A n a l y s e s o f b o t r y o i d a l o r e s , W e s t C u m b e r l a n d , o r e f i e l d 
T a b l e A 6 A n a l y s e s o f o r e s f r o m v e i n s i n t h e L o w e r P a l a e o z o i c s 
T a b l e A 7 A n a l y s e s o f m a s s i v e o r e s , M i l l o m - F u r n e s s o r e f i e l d 
T a b l e A 8 A n a l y s e s o f b o t r y o i d a l o r e s , M i l l o m - F u r n e s s o r e f i e l d 
T a b l e A 9 M i s c e l l a n e o u s a n a l y s e s 
TABLE A. 1 . GRID REFERENCES AND GEOLOGICAL SETTING 
FOR HAEMATITE ORE SAMPLES 
Key 
.CL-WC C a r b o n i f e r o u s l i m e s t o n e , West Cumber land 
CL-MF it ii , M i l l o m - F u r n e s s 
BVS B o r r o w d a l e V o l c a n i c S e r i e s 
SSS Skiddaw S l a t e S e r i e s 
G E s k d a l e G r a n i t e 
Cp E n n e r d a l e G r a n o p h y r e 
R M e t a s o m a t i c r e p l a c e m e n t d e p o s i t 
V V e i n d e p o s i t ( s e n s u s t r i c t o ) 
SAMPLE 
SITE 
GRID REF. HOST ROCK FORM OF 
OREBODY 
1 NY 079217 CL-WC R 
2 " 076201 it I I 
3 " 078201 ii I I 
4 " 078203 ii I I 
5 " 076202 I I I I 
6 " 074205 I I I I 
7 " 081193 I I I I 
8 " 073182 I I it 
9 " 0641 75 I I n 
10 " 061183 I I ti 
1 1 " 061168 I I it 
12 " 058167 I I I I 
13 " 054172 I I ti 
14 " 0571 71 it it 
15 1 1 056170 ii •i 
16 " 055171 I I ' I I 
17 " 053175 I I it 
18 " 052177 I I it 
19 " 047178 I I I I 
20 " 048175 I I ti 
21 " 049172 I I ti 
22 " 052163 it ii 
23 " 051164 ' I I it 
TABLE A . I . c o n t . 
SAMPLE 
" S I T E 
GRID REF. HOST ROCK FORM OF 
OREBODY 
24 NY 051163 CL-WC R 
25 " 050165 I I n 
26 " 050166 I I I I 
27 " 049167 I I I I 
28 " 048166 I I it 
29 " 045166 I I I I 
30 " 047165 I I I I 
31 " 046166 it I I 
32 " 046170 I I I I 
33 " 042171 I I I I 
34 " -42170 I I n 
35 1 1 -41171 I I I I 
36 " 039173 I I I I 
37 " 040174 I I I I 
38 " 039174 I I I I 
39 " 037169 it I I 
40 1 1 035169 ii I I 
41 " 037166 it I I 
4 2 036165 I I I I 
43 " -347107 BVS V 
4 4 " 342098 I I 
11 
45 " 282070 I I 
I I 
46 " 269039 I I I I 
47 . " 171158 Gp I I 
48 " 154169 I I I I 
49 " 151170 I I I I 
50 " 135170 sss I I 
51 " 089186 11 I I 
52 " 090186 I I I I 
53 " 091187 I I I I 
5 4 " 093188 I I I I 
55 '« 095188 I I I I 
56 " 099191 I I I I 
57 " 097187 ' I I I I 
1 
TABLE A. 1 . c o n t d . 
SAMPLE GRID REF. HOST ROCK FORM OF 
SITE OREBQDV 
58 NY 096186 SSS V 
59 SD 227924 BVS I I 
60 I I 213903 I I I I 
61 NY 184014 G I I 
62 I I 184014 I I I I 
63 SD 118904 I I I I 
64 NY 175013 I I I I 
65 I I 167008 I I 
I I 
65 A I I 168007 I I 
I I 
66 SD 147986 I I 
I I 
67 I I 100978 it I I 
68 I I 178998 I I 
I I 
69 I I 179997 I I I I 
70 I I 180996 I I 
I I 
71 I I 178996 I I I I 
73A NY 036164 CL-WC R 
74 I I 036162 I I I I 
75 I I 036161 I I I I 
76 I I 037160 I I I I 
77 I I 036159 it I I 
78 I I 037158 I I I I 
79 I I 038158 I I 
I I 
80 I I 036152 I I I I 
81 I I 038157 I I 
I I 
82 I I 037157 I I I I 
83 I I 036156 it ti 
84 I I 033161 ii I I 
85 I I 035157 I I 
I I 
86 I I 029158 I I 
I I 
87 I I 029157 I I 
I I 
88 I I 030157 I I 
I I 
89 I I 033156 I I 
I I 
90 I I 028154 it I I 
91 I I 029153 I I 
I I 
92 I I 017153 I I I I 






































GRID REF. HOST ROCK FORM OF 
OREBODY 
NY 018144 CL-WC R 
" 016139 I I I I 
" 018145 I I I I 
" 015141 I I I I 
" 014142 it it 
" 0 1 3 1 4 4 I I I I 
" 013146 I I I I 
" 013147 I I it 
1 1 014148 I I I I 
" 015148 I I I I 
" 008142 ' I I I I 
" 012143 I I I I 
" 008145 I I I I 
" 011145 it I I 
" 012146 I I I I 
" 016152 I I I I 
" 016151 I I I I 
" 007140 I I I I 
" 007141 I I I I 
" 006144 it I I 
" 006139 ii I I 
" 001138 I I I I 
" 006135 . I I I I 
" 004134 it it 
" 000133 ii ti 
NX 997129 ii I I 
" 997125 I I I I 
" 998124 I I it 
" 998123 it I I 
" 997123 I I I I 
" 995120 I I it 
" 995122 I I I I 
" 995121 •i I I 
NY 000125 I I •i 
" 002123 I I ii 






































GRID REF. H03T ROCK FORM OF 
OREBODY 
NY 003127 CL-WC R 
I I 003126 I I i t 
I I 011135 i t i t 
I I 008131 I I I I 
i t 006131 I I I I 
I I 005131 i t I I 
I I 008128 I I i t 
I I 008129 I I I I 
I I 010128 I I I I 
I I 011129 i t I I 
I I 005128 I I t i 
I I 004119 t i i t 
i t 007118 I I i i 
I I 009119 i t I I 
I I 011120 i t I I 
I I 010120 n i t 
I I 009120 I I I I 
I I 010122 i t i t 
i t 012125 i t i i 
I I 003107 I I I I 
I I 012110 I I I I 
I I 005112 i t I I 
I I 016105 I I I I 
I I 022104 I I I I 
i t 021105 I I I I 
I I 023105 I I t i 
i t 025105 i t i t 
i i 018101 i t t i 
I I 097178 sss V 
i t 097179 I I I I 
I I 093178 I I I I 
I I 087178 I I I t 
I I 084181 I I I I 
I I 084182 I t I I 
i t 080187 I t t l 
TABLE A. 1. c o n t d . 
SAMPLE GRID REF. HOST ROCK FORM OF 
SITE OREBODY 
162 NY 085183 SSS V 
163 ii 086175 I I n 
164 ii 084146 I I I I 
165 • SD 139814 CL-MF R 
166 I I 177826 it it 
168 it 266768 I I ti 
169 ii 264768 I I I I 
170 ii 262768 I I I I 
171 ii 264761 I I I I 
172 ii 265759 I I I I 
173 ii 260759 I I I I 
174 ii 259760 it . I I 
175 I I 266746 I I it 
176 I I 259747 I I ti 
177 I I 255745 I I I I 
178 I I 256750 I I it 
179 I I 258754 I I I I 
180 I I 255754 it if 
181 it 254754 I I ti 
182 I I 253750 I I I I . 
183 it 253748 it I I 
184 I I 253746 n if 
185 I I 254745 in I K 
186 n 251 745 I I I I 
187 I I 251 741 I I . I I 
188 I I 244-743 I I I I 
189 I I 240731 I I 11 
190 I I 238734 I I I I 
191 I I 228736 I I I I 
192 I I 240739 I I I I 
193 it 238738 I I I I 
194 n 241744 it I I 
195 n 246745 it I I 
196 I I 249747 I I I I 
ABLE A. 1. c o n t d . 
SAMPLE GRIP REF. HOST ROCK FORM OF 
SITE OREBODY 
197 SD 248748 CL-MF R 
198 ii 247749 I I I I 
199 ii 250750 I I n 
200 I I 251 750" I I I I 
201 I I 248754 I I I I 
202 I I 247755 I I I I 
205 I I 248756 I I I I 
204 I I 247757 I I I I 
205 I I 242757 I I I I 
206 I I 242758 I I I I 
207 I I 240759 I I I I 
208 I I 240760 I I I I 
209 ti 243772 it I I 
210 I I 246769 I I I I 
21 1 I I 245770 I I I I 
212 I I 246766 I I I I 
213 I I 244766 I I I I 
214 I I 244765 I I I I 
215 I I 245766 I I I I 
216 I I 244759 I I I I 
217 I I 248770 I I n 
218 I I 247771 I I i» 
219 I I 248766 I I I I 
220 ti 249765 I I I I 
221 H 250764 I I I I 
222 I I 253764 I I I I 
223 I I 253763 I I I I 
224 I I 254764 I I I I 
224A I I 250766 I I I I 
225 I I 255764 I I I I 
226 I I 255764 I I I I 
227 I I 255762 it it 
228 I I 256761 I I I I 
229 I I 258762 I I I I 
230 I I 258763 I I I I 
231 I I 082046 BVS V 
TABLE A.2. GRID REFERENCES FOR GRANITE SAMPLES 
S/VV1PL.E GRID REF.. INTRUSIVE ROCK TYPE 
NO. 
G.I SD 142981 Eskdale Pink variety 
C.2A ii 165989 I I I I " (haematized) 
G.2B 165989 .it it ti 
G.3 I I 150995 I I I I I I 
G.4 NY 169003 I I I I I I 
G.5 I I 190010 I I I I I I 
G.6 I I 152018 I I I I I I 
G.7 I I 131005 I I I I it 
G.9 I I 140042 Ennerdale Main phase 
G.IO I I 150053 I I I I it 
G. 14 ti 111001 Eskdale Pink variety(haematized) 
G.26 SD 133907 I I Grey I I 
G.27 I I 112944 ii it it 
G.28A I I 115992 it Pink . 1 1 (haematized) 
G.28B I I 115992 I I ii ii 
G.29A NY 163004 I I ii " (haematized) 
G.29B I I 163004 •i «i it 
G. 29C I I 163004 ii it tt 
LD 264 I I 123147 Ennerdale Main phase 
LD 265 I I 135144 I I it it 
TABLE A. 3. GRID REFERENCES FOR PLACES MENTIONED IN 
THE TEXT AND NOT ILLUSTRATED 
LOCALITY GRID REFERENCE 
Barrowmouth NX 096158 
BeckToot Quarry NY 166004 
Birker Moor SD 166006 
Blea Tarn NY 293044 
Bleng River NY 083043 
Bootle SD 108882 
Boot NY 176011 
Border End NY 225020 
Brantrake SD 148987 
Brothers Water NY 403126 
Burnmoor Tarn NY 184044 
Chapel H i l l SD 107977 
Cleator Moor NY 009150 
Clews G i l l NY 133158 
Clints Mine NY 004120 
Crag F e l l NY 095146 
Crossgi l l Mine .NY 033158 
Crowgarth Mine NY 016152 
Dalegarth NY 170002 
Devoke Water SD 157972 
Eel Crags NY 190207 
Eskdale Green NY 142001 
1 Eskett Mine NY 055167 
Esk Pike NY 237075 
Giliroot Park Mine NY 004112 
Gosforth NY 067036 
Grassmoor NY 174204 
Great Barrow NY 185013 
Green Hole NY 236058 
Haile Moor Mine NY 042088 
Hardknott NY 225015 
Harter F e l l SD 218997 
Havercroft NY 080222 
Helder Mine 
TABLE A.3. contd. 
LOCALITY GRID REFERENCE 
Ingwell NX 995148 
Kepple Crag SD 196998 
Kink Deck NY 045124 
Kirksanton SD 140807 
Knockmurton Fe l l NY 095191 
L i t t l e Urswick SD 263736 
Long Pike NY 224084 
Middle Kinniont SD 116905 
Millyeat NY 025178 
Mockerkin NY 090232 
Nethertown NX 990075 
Orebank House NY 000135 
Orgi l l NY 002107 
Pal laf lat NX 995123 
Pliimpton SD 312785 
Red G i l l NY 130168 
Red Tarn NY 268038 
Rowrah NY 057185 
Salter Mine NY 058169 
Scafe l l NY 215073 
Scale Force NY 150170 
Snavy Beck NY 082228 
Sourmilk G i l l NY 171159 
Stainton Ground SD 227923 
Stank SD 233704 
Stanley G i l l SD 177996 
Thwaites NY 055128 
Tongue G i l l NY 347107 
Ullcoats NY 024103 
Wasclale Head NY 195092 
Water Crag SD 155974 
Whitcham SD 132824 
Woodend NY 009130 
Wrynose NY 260022 
Whyndham Mine NY 003126 
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